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CHAPTER  1 

PHYSICAL  DESIGN  TECHNIQUES 


During  the  past  decade,  aircraft  And  guided 
missiles  have  undergone  a  number  of  major 
advances.  The  most  significant  advance  is  the 
transition  from  transonic  to  hypersonic  veloci¬ 
ties.  The  effect  of  these  velocities  on  the  elec¬ 
trical  and  structural  characteristics  of  the 
rudome  must,  therefore,  be  considered  in  any 
design.  In  this  chapter,  the  various  radome 
types  and  configurations  are  reviewed.  The  de¬ 
sign  criteria  for  hypersonic  radomes  are  pro¬ 
vided  and  the  various  aerodynamic,  thermal, 
structural,  electrical,  and  environmental  trade¬ 
offs  are  discussed.  One  type  of  radome  construc¬ 
tion,  the  thin  wall,  is  examined  in  detail.  Meth¬ 
ods  of  attaching  the  radome  to  the  missile 
structure  are  described.  Methods  used  to  evalu¬ 
ate  radome  performance  are  presented,  and  the 
chapter  concludes  with  a  review  of  the  factors 
that  affect  radome  strength. 

1-1  DESIGN  CRITERIA  FOR  RADOMES  USED 
ON  SUPERSONIC  AND  HYPERSONIC 
VEHICLES 

1-1.1  DEFINITION  OF  RADOME  TYPES 

A  radome  is  a  dielectric  cover  that  protects 
an  internal  structure  from  its  environment 
without  impairing  the  performance  of  the  vehi¬ 
cle  on  which  it  is  mounted.  Radomes  for  hyper¬ 
sonic  vehicles  are  of  two  types:  (1)  those  that 
form  the  leading  structure  of  a  missile  or  an 
aircraft,  and  (2)  those  that  are  mounted  flush 
with  the  fuselage.  Radomes  of  the  first  type 
protect  radar  system  components,  such  as  di¬ 
rectional  guidance,  mapping,  or  weather  an¬ 
tennas.  Radomes  of  the  second  type  protect  fixed 
or  flush-mounted  antennas.  The  radome  must 
not  only  protect  the  system,  but  it  must  also 


have  a  minimul  effect  on  antenna  character¬ 
istics.  In  particular,  its  eflpcts  on  boresight 
error  angle,  the  rate  of  change  of  this  angle 
with  antenna  beam  position,  and  on  the  an¬ 
tenna  gain  and  pattern  must  be  kept  to  a  mini¬ 
mum.  Such  effects  result  from  complex  electro¬ 
magnetic  interactions  affecting  the  radomo,  an¬ 
tenna,  and  other  components  of  the  vehicle  near 
the  radiating  system.  Since  the  radome  is  near¬ 
est  to  the  system  and  is  usually  in  the  near  field 
of  the  antenna,  it  causes  the  primary  distor¬ 
tions.  Since  electrical  performance  of  the 
radome  is  essentially  determined  by  its  wall 
construction  and  aerodynamic  shape,  these 
parameters  can  be  used  to  define  the  radome, 

1-1.2  TYPES  OF  WAIL  CONSTRUCTION 

A  great  deal  of  time  and  effort  has  been  spent 
in  attempting  to  minimize  the  effects  of  wall 
construction  and  thickness  on  antennu  per¬ 
formance.  Since  the  various  radiating  systems 
have  different  purposes  and,  therefore,  different 
requirements,  many  types  of  construction  have 
been  investigated.  A  review  of  the  literature  on 
radome  design  shows  that  the  various  types  of 
construction  can  be  grouped  in  a  logical  se¬ 
quence  as  follows,  based  upon  electromagnetic 
boundary  conditions  and  wall  composition ; 

Solid  Walls 
Thin 

Multiple  one-half  wavelength 

Laminated  Walls 
"A"  sandwich 
*'B”  sandwich 
“C”  sandwich 
Double  wall 
Half  sandwich 
Multiple  layer 
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Detailed  descriptions  of  these  constructions  and 
analyses  of  their  respective  merits  are  contained 
in  References  1  through  3.  A  summary  of  the 
various  radome  constructions  follows. 

1-1 .2.1  Solid  Wall 

Solid-wall  radomos  are  divided  according  to 
thickness  as  either  thin  wall  or  multiple  one- 
half  wavelength,  and  are  constructed  either  as 
a  monolithic  or  composite  structure.  A  mono¬ 
lithic  wail  is  made  from  a  single  material  and 
is  usually  formed  by  a  casting  process,  A  com¬ 
posite  wall  is  made  of  several  materials.  It  is 
formed  by  casting  a  filled  plastic  or  cernmic  ma¬ 
terial,  a  filament,  or  roving  winding;  and  by 
laying  up  sheets  of  these  materials  with  suit¬ 
able  binders. 

1-1. 2.2  Thin  Wall 

Thin-wall  radomes  are  so  called  because  the 
wall  thickness  is  small  in  comparison  with  the 
wavelength  of  the  incident  radiation.  A  wall 
thickness  of  1/20  of  the  wavelength  in  the  ma¬ 
terial  is  usuully  adequate.  Fhysically,  this  thick¬ 
ness  is  on  the  order  of  hundredths  of  an  inch  at 
X-band  and  increases  to  tenths  of  an  inch  at 
S-band.  The  advantages  of  thin-wall  radomes 
are  lightness,  negligible  effect  of  wall-thickness 
tolerance  or  electrical  performance,  high  trans¬ 
mission  efficiency,  and  negligible  sensitivity  to 
changes  in  polarization  and  angle  of  incidence ; 
it  is  also  relatively  broadband.  In  the  past,  thin- 
wall  radomes  made  of  plastic  materials  have 
been  limited  to  low-velocity,  clear-weather  ap¬ 
plications.  The  recently  developed  ability  to 
fabricate  thin  ceramic  walls,  which,  as  Hhown 
in  Chapter  3,  have  greater  resistance  to  rain¬ 
fall  at  relatively  high  velocities,  should  encour¬ 
age  renewed  interest,  in  this  type  of  construc¬ 
tion.  They  are  especially  useful  for  low-fre¬ 
quency  applications  such  as  those  for  C-  and 
S-bnnd  radomes. 

1  - 1 .2.3  Multiple  One-Half  Wavelength 

Thick  solid-wall  radomea  are  classified  by  the 
number  of  multiples  of  one-half  wavelengths  of 
electrical  thickness  they  contain.  For  a  specific 
radome  fabricated  from  a  material  having  a 


dielectric  constant  of  e,  an  effective  angle  of 
incidence  of  0,  and  that  operates  at  a  wavelength 
of  A„,  the  mechanical  thickness  is  approximately 

a  _  n*"  / 1  1  \ 

““  2(e  —  sin-(9)  •  “ 

where  n  is  an  integer  equal  to  or  greator  than 
zero  Note  that  the  thin-wa!)  radome  is  an  ap¬ 
proximation  of  the  zeroth  order, 

In  classifying  thick  solid-wall  radomes,  it  is 
conventional  to  define  thickness  in  terms  of  n, 
which  determines  the  number  of  one-half  wave- 
lengths  of  electrical  thickness.  Thus,  for  n  equal 
to  1,  2,  or  3V  the  wall  is  called  one-half  wave¬ 
length,  full  wavelength,  or  three-half  wave¬ 
length,  respectively.  Figure  1-1  illustrates  the 
thin-wall  radome  and  the  first  three  orders  of 
one-half  wavelengths.  The  simplest  structure, 
one-half  wavelength,  has  been  employed  for 
most  high-speed  radomes.  It  has  the  advantages 
of  being  light,  structurally  adequate  at  high 
frequencies,  and  simple  in  electrical  design;  it 
has  the  least  adverse  effect  on  system  per¬ 
formance  and  has  good  resistance  to  rainfall 
at  high  missile  velocities.  The  wide  use  of  this 
type  of  structure  has  provided  a  wealth  of  in¬ 
formation  on  physical  design,  electrical  cor¬ 
rection,  and  environmental  reliability,  The  use 
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of  higher-order  thicknesses  causes  greater  elec¬ 
trical  degradation,  but  also  affords  greater 
structural  reliability  at  frequencies  above 
X-band. 

1-1. 2.4  Laminated  Woll 

Laminated  radomea  differ  electrically  from 
solid-wall  radomu.  in  that  they  have  a  greater 
number  of  boundary  conditions  and  several  dif¬ 
ferent  types  of  materials  make  up  their  struc¬ 
ture.  The  two  distinct  types  of  construction 
favored,  cored  and  multilayer,  are  illustrated  in 
Fig.  1-2.  The  cored  construction  of  the  "A"  and 
"C”  sandwiches  consists  of  an  effective  low- 
dielectric-constant  core  contained  by  two  high- 
dielectric-cor.stant  skins,  while  the  “B”  sandwich 
consists  of  a  high-dielectric-constant  core  with¬ 
in  two  low-dielectric-constant  skins.  Since  the 
dielectric  constant  of  most  materials  increases 
with  density,  a  low  value  of  dielectric  constant 
implies  low  density,  and  vice  versa,  The  low- 
dielectric-conatant  core  is  obtained  by  using  a 
foamed  material,  i.e.,  one  of  low  density. 

The  low-dielectric-constant  core  can  be  simu¬ 
lated  by  using  a  high-dielec.tric-constant  ma¬ 
terial  in  a  fluted  or  honeycomb  configuration. 
These  latter  constructions,  however,  are  not 
electrically  isotropic,  whereas  the  foamed  ma¬ 
terials  are.  Other  disadvantages  are  that  a 
mosaic  is  needed  to  produce  a  doubly  curved 
surface  (only  slight  curvature  can  be  obtained 
in  any  section),  thus  limiting  their  use  to  large 
radomea.  Fluted  and  honeycomb  constructions 


have  an  advantage  of  allowing  the  passage  of 
air  for  ducted  heating  of  the  skins.  Foamed 
cores  are  easy  to  fabricate  and  can  be  used  with 
both  large  and  small  radomes. 

1 -1.2.5  “A"  Sandwich 

The  "A"  sandwich  construction  consists  of 
outer  and  inner  skins  of  a  material  having  a 
higher  dielectric  constant  than  that  of  the  core. 
The  optimum  skin  spacing,  measured  through 
the  core  material,  is  approximately  one-quarter 
wavelength.  Thus,  this  construction  is  analogous 
to  that  of  a  one-quarter-wavelength  trans¬ 
former.  In  this  construction,  the  Btrength-to- 
weight  ratio  and  bandwidth  ure  greater  than  in 
a  oolid'Wttll  radome.  Also,  the  hard  surface  is 
more  impervious  to  possible  dumage  caused  by 
handling  and  the  environment.  The  sandwich 
is,  however,  more  se..nitlve  to  variations  in 
polarization  and  angle  of  incidence. 

1-1. 2.6  "S'  Sandwich 

The  "B''  sandwich  construction,  which  con¬ 
sists  of  skins  having  u  low  dielectric  constant 
and  a  thin  solid  core  having  a  high  dielectric 
constant,  is  similar  to  the  one-quarter-wave¬ 
length  coating  used  in  optical  systems.  As  the 
thickness  of  the  core  approaches  zero,  this  type 
of  rudome  approaches  the  one-half  wavelength 
construction.  Although  the  "B"  sandwich  can 
be  designed  to  provide  equal  transmission  for 
.  perpendicular  and  parallel  polarizations,  if  does 
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not  afford  maximum  transmission.  Although  it 
is  superior  electrically  to  the  “A"  sandwich,  the 
“B"  sandwich  is  not  suitable  for  use  in  extreme 
environments  or  in  apnHri»Hmi«  requiring  a 
strong  durable  surface. 

I -1.2. 7  "C"  Sandwich 

The  "C”  sandwich  construction  consists  of 
five  layers,  i.e.,  three  dense  skins  and  two  cores. 
Thus,  it  is  basically  two  “A”  sandwich  radomes 
with  no  spacing  between  them.  This  type  of  con¬ 
struction  has  the  best  strength-to- weight  ratio 
and  is  ideally  suited  to  very-high  frequency 
applications  in  which  greater  rigidity  is  re¬ 
quired.  Its  transmission  efficiency  and  band¬ 
width  are  somewhat  greater  than  those  of  the 
“A”  sandwich. 

It  should  be  noted  that  although  Fig.  1-2 
illustrates  identical  skin  thicknesses  for  the 
sandwich  constructions,  the  sandwich  design  is 
not  limited  to  this  symmetrical  construction.  If 
different  dielectric  constants  are  used  for  the 
two  skins,  an  asymmetrical  construction  can  be 
employed  for  greater  structural  resistance  in 
1  the  outer  skin,  or  to  provide  a  means  of  com¬ 
pensating  ■  for  the  change  in  electrical  thick¬ 
ness  of  the  outer  skin  caused  by  aerodynamic 
heating.  Although  the  sandwich  design  has  been 
limited  to  plastic  materials,  future  designs 
should  consider  the  use  of  the  ceramics,  espe¬ 
cially  for  “A”  sandwiches.  As  indicated  in 
References  4  through  6,  recent  studies  have 
shown  the  feasibility  of  employing  a  ceramic 
foam  between  ceramic  skins,  eliminating  the 
bond  line  reflection  found  in  plastic  sandwiches. 

1-1. 2.8  Double  Wall 

The  double-wall  radome  consists  of  two  solid 
skins  separated  ,by  an  air  core.  For  this  reason 
it  has  also  been  called  an  air-core  radome.  As 
shown  in  Reference  7,  the  optimum  skin  spacing 
is  somewhat  leas  than  one-quarter  wavelength. 
If  the  skins  are  thin,  rather  thah  one-half  wave¬ 
length,  the  design  can  then  be  considered  as  a 
degenerate  “A"  sandwich,  i.e.,  the  dielectric 
constant  of  the  core  is  unity.  Although  a  radome 
of  this  design  is  light  and  has  a  passage  for 
air  to  heat  the  skins,  maintenance  of  the  spacing 
is  difficult,  especially  in  the  presence  of  high 
vibration. 


1-1. 2.9  Half  Sandwich 

A  construction  similar  to  the  thin  3olid-waII 
radonic  In  the  one-nail  "A"  sandwich,  which 
consists  of  a  thin  wall  with  a  portion  of  the 
core  added  for  greater  rigidity.  If  the  ceramic 
foam  construction  described  in  References  4  and 
5  is  used,  such  a  structure  combines  the  advan¬ 
tage  of  additional  rigidity  with  the  performance 
of  a  thin  solid  wail.  This  design  is  especially 
attractive  for  use  at  low  frequencies. 

1-1.2.10  Multiple  Layer 

The  multilayer  wall,  consisting  of  thin  layers 
of  materials  having  different  dielectric  con¬ 
stants,  is  best  for  ECM  radomes.  Reference  8 
includes  a  series  of  reports  that  illustrate  the 
design,  and  Reference  9  illustrates  the  com¬ 
plexity  of  designing  a  radome  having  a  large 
number  of  sheets,  each  with  an  optimum  thick¬ 
ness  and  dielectric  constant.  Because  of  this 
complexity,  the  use  of  multilayer  radomes  has 
been  limited  to  applications  requiring  extreme 
structural  rigidity  or  broadband  capability.  Al¬ 
though,  at  present,  this  design  consists  of  piastic 
laminates,  recent  advances  in  materials  tech¬ 
nology,  reported  in  Reference  10,  indicate  that 
the  use  of  ceramics  is  feasible.  It  is  expected 
that  such  a  radome  will  be  characterized  by 
high  structural  reliability,  good  electrical  per¬ 
formance  over  wider  bandwidths,  better  resist¬ 
ance  to  thermal  shock  and  rainfall,  and  that  it 
will  be  less  expensive  to  fabricate. 

1-1.3  TYPES  OF  AERODYNAMIC 
CONFIGURATIONS 

The  contour  of  flush-mounted  radomes  fol¬ 
lows  that  of  the  body  of  the  vehicle  and  is  usu¬ 
ally  a  right  circular  cylinder  or  cone.  If  the 
surface  area  of  the  radome  is  small  compared 
with  the  missile  diameter,  a  planar  cover  can 
be  used.  However,  such  radomes  are  not  con¬ 
sidered  to  be  separate  structures  as  are  nose 
radomes,  which  act  as  a  transition  between  the 
body  and  the  airstream.  An  aerodynamicist 
takes  considerable  care  to  minimize  the  effect  of 
aerodynamic  drag  caused  by  a  nose  radome,  but 
he  usually  does  not  consider  flush-mounted 
radomes  specifically.  Since  a  radome  designer 
approaches  the  radome  from  the  standpoint  of 
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electromagnetic  theory,  he  usually  desires  a 
hemispherical  shape,  which  is  not  acceptable  to 
the  aerodynamicist.  Let  us,  therefore,  review  the 
various  radome  coiituuis  cunsiuered  during  the 
early  phases  of  missile  design,  This  discussion 
will  serve  as  an  introduction  to  the  design  of 
such  contours.  Reference  11  should  be  consulted 
if  more  detailed  information  is  desired. 


1-1. 3.1  Ellipsoid 

An  ellipsoidal  shape  is  obtained  by  revolving 
an  ellipse  or  elliptic  segment  about  one  of  its 
major  axes.  If  the  ellipse  is  rotated  about  its 
major  (minor)  axis,  an  oblate  (prolate)  ellips¬ 
oid  is  obtained.  As  shown  by  Eq.  1-2,  the  exact 
shape  depends  on  the  magnitude  of  a  and  b, 
which  are  the  lengths  of  the  major  and  minor 
axes,  respectively.  As  a  approaches  b,  the  con¬ 
tour  becomes  more  bulbous  and  finally  becomes 
a  hemisphere.  The  equation  for  an  ellipse  is 

r  =  h[1-(i^)”]  (1-2) 

The  symbol  convention  is  shown  in  Fig.  1-3. 

With  the  ellipsoid  at  its  limiting  value,  i.e., 
the  hemisphere,  electrical  characteristics  are 
affected  the  least,  but  only  at  the  expense  of 
aerodynamic  performance.  Hemispheric  shapes 
ure  usually  employed  at  low  velocities,  where 
the  drag  is  not  an  important  factor,  or  at  high 
reentry  velocities,  where  the  additional  drag  in¬ 
creases  deceleration  or  where  a  larger  nose 
radius  is  required  to  minimize  aerodynamic 
heating  and  the  resultant  thermal  stresses, 


Figure  1  -3.  Ellipsoidal  Radome 


Figure  1  -4.  Logarithmic  Spiral  Radome 


1-1 .3.2  Logarithmic  nr  Equiangular  Spiral 

I 

The  logarithmic  or  equiangular  spiral  is  gen¬ 
erated  by  revolving  a  segment  of  a  spiral  about 
its  major  axis.  This  contour,  which  may  require 
an  aft  fairing  since  it  recedes  before  reaching 
the  gimbal  center,  is  primarily  of  importance 
to  the  radome  designer,  since,  if  the  antenna  is 
mounted  at  the  center  of  the  spiral,  the  central 
ray  will  strike  the  radome  at  a  constant  angle 
of  incidence,  which  is  the  same  as  the  vertex 
angle,  /?,  This  contour  degenerates  into  a  hemi¬ 
sphere  when  p  equals  zero.  The  general  equa¬ 
tion  for  the  logarithmic  spiral  is 

r-+  (x  —  s)'-’  = 

s-  exp  2  tan  /3  tan  - 1  (1-3) 

The  general  surface  and  symbol  conventions  are 
shown  in  Fig.  1-4. 

A  hemisphere  is  the  optimum  electrical  con¬ 
tour,  since,  if  the  antenna  is  located  at  the  ori¬ 
gin,  the  central  ray  strikes  the  radome  at  normal 
incidence  at  all  look  angles.  This  is  an  advan¬ 
tage,  since  transmission  coefficients  are  equal 
for  both  parallel  and  perpendicular  polariza¬ 
tions,  but  it  is  also  a  disadvantage  since  any 
signal  reflected  from  the  inner  surface  is  re¬ 
flected  back  to  the  antenna.  Like  the  ellipsoid, 
this  shape  is  used  to  minimize  heating  at  high 
velocities.  For  this  reason,  the  hemisphere  has 
been  extensively  used  as  a  means  of  blunting  the 
nose  of  radomes. 


the  differences  between  the  shapes  are  small 
(the  power  shape  is  less  bulbous),  the  approxi¬ 
mate  shape  is  usually  used.  The  general  power 
shapes  are  generated  bv  rotating  *he  figure 
defined  by  Eq.  1-5  about  its  major  axis: 


D 

*2 


wher^J)  =  base  diameter 

'  l  =  total  radome  length 
m  =  constant 


(1-5) 


If  exponent  m  is  equal  to  unity,  the  equation  is 
that  for  a  cone;  if  m  is  equal  to  1/2,  the  equa¬ 
tion  is  that  of  a  parabola.  The  familiar  three- 
quarter  nose  shape  that  approximates  the  New¬ 
tonian  shape  is  obtained  by  letting  m  equal  3/4. 


Figure  1-5.  Ogival  Radome 
1-1. 3.3  Ogive 

The  term  ogive  has  been  extended  to  include 
not  only  the  normal  architectural  construction, 
but  also  all  convex  solids  bounded  in  part  by  an 
arc  of  a  circle  having  a  radius  R  whose  center 
lies  on  the  side  of  the  axis  of  revolution  that  is 
opposite  to  the  arc.  If  the  bounding  arc  cuts  the 
axis,  the  ogive  is  said  to  be  pointed.  If  the  figure 
is  truncated,  the  ogive  is  called  blunted.  An 
ogive  that  includes  its  base  is  known  as  a  tan¬ 
gent  ogive,  while  one  that  does  not  is  called  a 
vacant  ogive.  As  is  true  of  the  previously  de¬ 
scribed  shapes,  the  ogive  has  been  used  exten¬ 
sively  in  radome  design  because  it  is  easily 
fabricated  and  is  relatively  acceptable  uero- 
dynamically  at  high  speeds.  As  shown  by  re¬ 
viewing  the  following  general  equation  and  Pig. 
1-5,  an  ogive  also  degenerates  to  n  hemisphere : 

r  =  [R-  —  (x  —  f)-],/a  —  g  (1-4) 

1-1. 3.4  Pow*r 

The  power  series  of  contours  was  designed 
to  provide  minimum  drag  under  specific  aero¬ 
dynamic  conditions.  The  three-quarter  power 
shape  is  an  approximation  to  the  true  New¬ 
tonian  shape.  Since  the  equation  for  the  three- 
quarter  power  shape  is  simpler  than  the  com¬ 
plex  equation  defining  the  Newtonian  shape  and 


1-1. 3.5  Parabolic 

Like  the  power  series,  the  parabolic  series  of 
shapes  was  derived  to  minimize  aerodynamic 
drag  for  a  particular  set  of  conditions.  These 
shapes  are  obtained  by  revolving  the  shape  de¬ 
fined  by  Eq.  1-6  ubout  its  major  uxis: 


The  symbols  have  the  same  definitions  as  for 
the  power  series,  where  m  is  replaced  by  C. 
Again,  a  right  circular  cone  is  obtained  when  C 
is  equal  to  zero.  If  C  is  equul  to  unity,  the  shupe 
becomes  a  parabolic  segment. 


1  -1.3.6  Haack-Von  Karmon 

The  Huack-Von  Karman  contours  have  be¬ 
come  well  known  to  many  radome  designers 
through  the  fame  of  the  originators  and  the 
complexity  entailed  in  generating  these  shapes. 
Note  that  the  Hauck  body  is  also  known  as  the 
Sears  and  Sears-Haack  body  since  the  shapes 
were  independently  derived  by  these  two  uero- 
dynamicists.  As  shown  in  Reference  14,  a  gen¬ 
eral  equation  can  be  derived  that  is  bused  on  the 
requirement  of  minimum  drag  as  expressed  in 
Eq,  1-7,  Here,  aerodynamic  drag  can  be  varied 
in  accordance  with  the  radome  length,  area, 
and  volume  desired. 
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r  =  — p:  ( 4>  —  Y<  sin  24,  -f-  K  sin9  ,/>) 1  “l 

(1-7) 


If  K  in  equal  to  zero,  Eq.  1-7  becomes  that  for 
the  Von  Karnian  nose,  which  has  th-s  least  drag 
for  a  given  length  and  base  diameter.  If  K  ia 
equal  to  1/3,  this  equation  reduces  to  that  for 
the  Seurs-Haadi  nose,  which  has  been  optimized 
for  minimum  drag  on  the  basis  of  length  and 
nose  volume, 

1-1.4  FACTORS  AFFECTING  RADOME  DESIGN 

Although  it  is  assumed  that  the  various  fac¬ 
tors  affecting  radome  design  that  are  considered 
in  the  following  paragraphs  apply  primarily  to 
nose-mounted  radomes,  they  are  equally  appli¬ 
cable  to  radomes  mounted  elsewhere  on  the  mis¬ 
sile.  A  nose-mounted  radome  was  selected  for 
discussion  because  all  the  design  criteria  asso¬ 
ciated  with  an  object  subjected  to  the  environ¬ 
ment  surrounding  a  leading  aerodynamic  body 
must  be  considered.  The  radome  designer  must, 
of  course,  consider  all  the  basic  factors  affecting 
missile  performance,  which  include  the  weight, 
volume,  length,  size,  and  position  of  the  antenna, 
as  well  as  the  interface  between  the  radome  and 
the  missile  body.  In  addition,  with  airborne 
missiles  there  are  environmental  variables  asso¬ 
ciated  with  pylon  and  bay  mounting,  The  fac¬ 
tors  directly  affecting  radome  design  can  bo 
grouped  into  the  following  general  categories : 
aerodynamic,  thermal,  electrical,  structural,  en¬ 
vironmental,  wall  construction,  and  physical. 
Since  each  of  these  is  directly  affected  by  the 
properties  of  the  material  of  which  the  radome 
is  made,  the  effect  of  this  material  must  also  be 
considered. 

The  following  discus-  .on  summarizes  the 
many  factors  influencing  radome  design.  It  does 
not,  however,  present  detailed  design  data.  Such 
information  is  generally  available  in  design  re¬ 
ports  such  as  Reference  1.  Although  a  detailed 
list  of  references  is  provided  at  the  end  of  this 
chapter,  the  reader  should  also  consult  the 
bibliography  compiled  by  the  Lincoln  Labora¬ 
tory  Library.  These  two  reports.  References  12 
and  13,  contain  the  unclassilied  and  classified 
documents,  respectively,  published  between  Jan¬ 
uary  1962  and  October  1962. 


I -1.4.1  Aerodynamic 

A  radome  designer  rarely  evaluates  the  aero¬ 
dynamic  performance  of  a  radome.  He  must  be 
a  ware,  however,  of  the  various  interacting 
effects  that  prompt  an  aerodynamieist  to  pro- 
po:  shapes  that  cannot  be  readily  modified  to 
obtain  optimum  electrical  performance.  Aero- 
dynamically,  a  radome  is  defined  by  its  shape 
and  fineness  ratio.  The  fineness  ratio  is  the  ratio 
of  l,  the  distance  from  radome  tip  to  the  maxi¬ 
mum  missile  transverse  section,  to  D,  the  diam¬ 
eter  of  the  maximum  transverse  section.  These 
two  parameters  determine  the  aerodynamic 
drag  of  the  radome.  For  every  fineness  ratio, 
there  is  a  shape  that  results  in  the  least  aero¬ 
dynamic  drag  for  any  given  Mach  number. 

The  various  radome  shapes  previously  dis¬ 
cussed  represent  those  usually  employed  in 
radome  design.  These  are  illustrated  in  Figs. 
1-C  through  1-9  and  are  based  on  a  fineness 
ratio  of  2.5:1.  The  use  of  the  hemisphere, 
Haack,  ellipsoid,  and  paraboloid  is  usually  re¬ 
stricted  to  the  transonic  region  where  these 
shapes  cause  the  least  drag.  Between  Mach  1 
and  2,  the  Von  Karman,  the  one-half  and  three- 
quarter  power  series,  the  one-half  and  three- 
quarter  power  paraboloid,  and  the  logarithmic 
spiral  cause  the  least  drag.  At  velocities  greater 
than  Mach  2,  the  Von  Karman,  ogive,  three- 
quarter  power  series,  paraboloid,  and  cone  are 
the  most  suitable  shapes. 

The  effect  of  nose  shape  on  the  drag  coeffi¬ 
cient  was  expressed  by  Jorgensen,  who  said. 
“Although  for  the  similarity-parameter  range 
investigated,  the  wave-drag  of  a  Newtonian 
shape  (which  is  approximated  by  the  three- 
quarter  power  curve)  is  at  most  10  percent  less 
than  that  of  a  Von  Karman  shape,  it  is  20  to 
25  percent  less  than  that  of  a  tangent  ogive, 
and  15  to  20  percent  less  than  that  of  a  cone.” 
(See  Reference  18.) 

References  14  through  20  present  data  on 
aerodynamic  drag  useful  for  specific  design  in¬ 
formation.  Since  the  ogive  and  cone  together 
with  the  Von  Karman  and  three-quarter  power 
shape  are  the  l)est  radome  configurations  for 
the  velocities  of  interest  today,  we  will  consider 
their  ,’elative  merits.  Although  a  Von  Karman 
nose  causes  little  aerodynamic  drag,  it  is  not 
easy  to  fabricate  and  requires  template  grind¬ 
ing.  The  three-quarter  power  shape  also  pre¬ 
sents  the  same  problem.  The  ogive  and  cone  are 
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Figure  1  -9.  Ogival  Radomes  with  Various  Types  of  Note  Blunting 


not  difficult  to  fabricate  3ince  templates  for 
them  ''an  be  readily  made,  and  if  special  grind¬ 
ing  equipment  is  used,  templates  are  not  even 
required.  The  ogive  has  the  advantages  of 
slightly  greater  volume  for  a  given  fineness 
ratio,  low  drag,  inherently  greater  structural 
reliability  because  of  its  bulbous  shape,  and 
ease  of  electrical  design  because  considerable 
electrical  design  data  are  available  for  this 
shape. 

The  effect  of  the  shape  of  the  nose  on  aero¬ 
dynamic  drag  is  of  secondary  importance  when 
compared  with  that  of  the  fineness  ratio.  If  the 
drag  induced  by  the  nose  were  the  only  con¬ 
sideration  of  importance  in  selecting  a  radome 
for  the  missile,  a  high  fineness  ratio  would  be 
chosen.  Figure  1-10  shows  how  drag  decreases 
as  the  fineness  ratio  and  missile  velocity  are 
varied.  On  the  basis  of  these  curves,  the  maxi¬ 
mum  fineness  ratio  would  seem  to  be  the  best. 
If,  however,  the  effects  of  a  reduction  in  trans¬ 
verse  area  on  antenna  size  are  considered,  a 
compromise  design  must  be  adopted.  It  should 
also  be  noted  that  for  a  given  missile  length, 
diameter,  weight,  and  the  amount  of  propellant 
needed,  drag  can  be  increased  or  decreased  by 
lengthening  the  nose  as  the  amount,  of  propel¬ 
lant  is  decreased  or  increased.  In  this  way,  an 
additional  variable  is  introduced  that  reduces 
the  fineness  ratio  to  a  value  less  than  that  which 
considerations  of  drag  would  imply. 

The  thermal  environment  and  stress  encoun¬ 
tered  at  high  velocities  dictate  the  use  of  a  blunt 
nose  for  greater  structural  reliability.  This  shape 
must  also  be  considered  by  the  aerod.vnamicist, 
since  it  affects  total  missile  drag.  Nose  blunting 


Figure  1-JO.  Drag  Coefficient  vt  Fineness  Ratio  for 
Several  Mach  Numbers 

is  achieved  by  replacing  the  pointed  tip  of  the 
radome  with  an  elliptical  or  ogival  section  that 
is  tangent  to  the  major  contour.  'I’ wo  methods 
can  be  used  to  blunt  a  radome:  (1)  blunt  the 
tip  and  maintain  the  fineness  ratio  and  base 
diameter  constant,  as  illustrated  in  Figure  1-9; 
(2)  blunt  the  tip  and  maintain  the  base  diam¬ 
eter  constant  and  reduce  the  fineness  ratio. 


n 


The  effect  of  blunting  the  radome  tip  is  dis¬ 
cussed  in  References  17,  19,  and  20,  It  is  shown 
that  for  any  Mach  number,  a  decrease  in  fine¬ 
ness  ratio  increases  drag,  but  as  the  blunting 
radius  is  increased,  this  radius  becomes  the 
more  important  criterion  since  ail  shapes  tend 
to  approach  a  hemisphere  as  the  radius  of  the 
tip  increases.  It  should  be  noted,  however,  that 
for  small  blunting  radii,  drag  actually  becomes 
less  than  it  is  when  an  unblunted  shape  is  em¬ 
ployed.  This  fact  can  be  explained  by  consider¬ 
ing  a  conical  body.  At  high  velocities,  the 
surface  pressure  is  high.  If  the  tip  is  blunted, 
this  pressure  becomes  much  greater  at  the  tip. 
However,  as  the  aerodynamic  (low  expands,  the 
pressure  decreases  aft  of  the  tip  and  the  total 
pressure  on  the  body,  and  hence  the  drag,  be¬ 
comes  less.  If  the  base  diameter  and  ogive 
radius  are  maintained  constant,  the  effective 
fineness  ratio  decreases  as  the  tip  radius  in¬ 
creases.  The  decrease  in  Z/D  gradually  cancels 
this  blunting  effect  and,  as  wouid  be  expected, 
drag  increases.  This  point  is  illustrated  in  Fig. 
1-11.  A  general  rule-of-thumb  is  that  if  the 
ratio  of  the  blunting  radius  to  the  ogive  radius 
is  less  than  0.15  to  0.2,  drag  increases  by  only  a 
negligible  amount. 

Blunting  the  tip  radius  and  maintaining  the 
fineness  ratio  and  base  diameter  constant  pro- 


Figure  1  -  II .  Drag  Coefficient  vi  Mach  Number  for 
Varioui  Note-Blunling  Radii 
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vide  an  additional  advantage.  Increasing  the 
tip  radius  while  maintaining  the  length  con¬ 
stant  increases  the  effective  fineness  ratio  ot  the 
nose  because  if  the  ogive  is  continued  until  it 
intersects  t,he  major  axis,  a  higher  fineness 
ratio  is  obtained  (see  Fig.  1-11).  This  effective 
fineness  ratio  results  in  less  drag  than  that 
encountered  with  the  original  fineness  ratio. 
If  the  increase  in  drag  due  to  tip  radius  is  com¬ 
pared  with  the  decrease  in  drag  caused  by  the 
effective  fineness  ratio,  it  is  found  that  a  blunted 
radome  can  cause  less  drag  than  a  pointed  ra¬ 
dome  having  the  same  fineness  ratio.  However, 
this  is  true  only  of  small  blunting  radii,  since 
the  limiting  shape  is  a  hemispherical  nose  with 
a  cylindrical  skirt  that  produces  high  drag. 

Although  the  overall  drag  of  a  missile  de¬ 
pends  on  velocity  and  altitude,  other  aerody¬ 
namic  factors,  such  as  acceleration,  (light  time, 
and  trajectory,  must  lie  curefully  considered  be¬ 
cause  of  their  effect  on  radome  temperature 
and  structural  reliability. 

1-1. 4.2  Thermal 

A  radome  is  subjected  to  a  thermal  environ¬ 
ment  not  only  during  the  short  period  during 
which  it  is  in  tactical  operation,  but  also  while 
it  is  on  an  aircraft  or  in  storage.  Since  radomes 
for  air-to-air  missiles  are  exposed  to  all  three  of 
these,  each  is  considered  in  detail.  Storage  tem¬ 
peratures  depend  on  geographic  location  and 
storage  conditions.  The  usual  temperature  ex¬ 
tremes  of  —  80°F  to  -flG0“F  encountered  in 
storage  are  not  significant.  Air-to-air  missiles 
on  high-speed  aircraft  encounter  one  of  two 
types  of  environment.  Bay-mounted  missiles  are 
subjected  to  high  temperatures  when  the  bay 
doors  are  open  at  high  velocities  and  to  very 
low  temperatures  when  the  doors  are  closed, 
especially  at  high  altitudes.  These  conditions 
are  very  similar  to  those  encountered  in  stor¬ 
age.  Pylon-mounted  missiles,  however,  are  sub¬ 
jected  to  the  environment  of  the  aircraft  and 
react  directly  to  the  free-stream  conditions. 
Thus,  these  radomes  undergo  aerodynumic  heat¬ 
ing  similar  to  that  of  the  aircraft  radome  or  of 
a  free  missile  following  the  path  of  the  aircraft. 
Once  a  missile  has  been  launched,  it  undergoes 
a  sudden  acceleration  and  then  begins  to  de¬ 
celerate  because  of  aerodynamic  drag  and 
maneuvers.  An  air-to-air  missile,  therefore,  ex¬ 
periences  an  instantaneous  increase  in  tem- 
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perature  rather  than  the  gradual  increase  that 
is  characteristic  of  ground-launched 
The  temperature  of  a  bay-mounted  missile  in¬ 
creases  more  than  that  of  a  pylon-mounted  mis¬ 
sile,  since  the  bay-mounted  missile  goes  directly 
from  the  low  temperature  to  the  free-stream 
environment. 

Several  areas  of  a  radome  can  be  thermally 
critical.  They  are  the  forward  or  stagnation  re¬ 
gion,  the  transition  region,  and  the  region  where 
the  radome  is  attached  to  the  missile.  The  first 
area  is  characterized  by  laminar  flow  and  high 
local  rates  of  heat  transfer  to  the  wall.  The  sec¬ 
ond  region  is  the  most  forward  point  on  the 
radome  at  which  turbulent  flow  occurs  and  tur¬ 
bulent  heating  rates  occur.  The  third  region 
should  be  examined  because  there  may  be  great 
differences  in  the  temperature  of  the  radome 
and  the  missile  structure. 

Radome  heat  transfer  rules  ulways  depend 
on  the  Mach  number  history  of  a  missile.  This 
history  depends  in  turn  on  the  weight,  configu¬ 
ration,  and  specific  mission  of  the  missile.  For 
air-to-air  missiles,  the  thermally  critical  flight 
condition  is  also  governed  by  capabilities  of  the 
launching  aircraft.  The  critical  launch  condi¬ 
tion  is  usually  the  lowest  altitude  at  which  the 
aircraft  can  fly  at  maximum  speed.  The  critical 
attack  mode  is  less  dependent  on  the  launching 
aircraft ;  in  general,  a  snap-down  attack  is  more 
severe  thermally  than  a  co-altitude  or  suap-up 
attack. 

The  methods  used  to  calculate  the  tempera¬ 
ture  distribution  through  a  radome  wall  and 
along  its  axis  are  beyond  the  scope  of  this 
chapter.  References  21  through  25  should  pro¬ 
vide  a  basic  understanding  of  the  heat  transfer 
analyses.  In  general,  the  effects  of  angle  of 
attack,  i.e.,  circumferential  and  axial  thermal 
gradients,  are  neglected.  On  a  straight  and  level 
(co-altitude  attack)  mission,  these  effects  tend 
to  be  averaged  by  missile  roll  and  oscillatory 
pitching  motions  caused  by  aerodynamic  sys¬ 
tem  noise.  In  a  hard-turn  maneuver,  missile  roll 
again  tends  to  average  these  effects;  in  addi¬ 
tion,  missile  velocity  decreases  more  rapidly  be¬ 
cause  of  the  increase  in  drug  at  all  angles  of 
attack  and  thus  decreases  the  driving  tempera¬ 
ture.  This  practice  of  assuming  zero  angle  of 
uttuck  is  conservative  for  the  stagnation  point 
where  temperatures  are  highest, 

Analyses  of  the  temperatures  of  the  outer 
surface  of  a  radome  reveal  that  the  temperature 


is  highest  at  the  stagnation  point  or  at  the  sonic 
point,  if  tip  blunting  is  used,  and  that  it  de¬ 
creases  aft  of  this  point.  The  axial  und  circum¬ 
ferential  thermal  gradients  are  usually  several 
orders  of  magnitude  less  than  the  thermal  gra¬ 
dient  induced  in  the  wall.  The  radial  tempera¬ 
ture  gradient  is,  therefore,  the  most  important 
factor  in  rudome  design  since  it  can  vary  from 
hundreds  to  thousands  of  degrees  Fahrenheit 
per  inch,  depending  on  the  conditions  of  flight. 
The  temperature  gradient  produced  by  this 
aerodynamic  healing  of  a  radome  is  higher 
near  the  outer  surface  than  it  is  at  the  inner 
surface.  The  gradients  through  the  wall  pro¬ 
duce  thermal  stresses  in  the  wall  because  of 
differential  expansion  from  point  to  point.  Since 
the  temperature  of  the  outer  surface  of  a 
radome  increases  rapidly  during  boost,  large 
compressive  stresses  are  imposed  on  this  sur¬ 
face,  while  lower  tensile  stresses  occur  on  the 
inner  surface.  As  the  missile  decelerates,  the 
temperature  of  the  outer  surface  decreases  end 
the  above  conditions  are  reversed.  Various 
methods  of  evaluating  the  elfoct  of  the  thermal 
gradient  are  discussed  in  the  literature  of 
radome  design.  References  25  through  32,  to¬ 
gether  with  their  references,  provide  a  reason  ¬ 
ably  complete  summary  of  recent  work  in  this 
field.  The  methods  employed  range  from  de¬ 
tailed  analyses  to  simple  cylindrical  and  planar 
approximations.  The  consensus  is  that  a 
sphorical  approximation  is  valid  at  points  near 
the  tip  of  a  blunted  radome  if  the  meridional 
thermal  gradient  is  not  sharp  and  if  the  modu¬ 
lus  of  elasticity  is  not  a  strong  function  'f 
temperature.  At  points  aft  of  the  tip  c  a 
blunted  radome,  where  the  inner  ruckus  is  large 
compared  with  the  wall  thickness,  a  cylindrical 
or  conical  analysis  gives  good  approximate 
stress  values.  References  21  and  26  present  the 
approximate  mothods  and  Reference  25  presents 
the  more  detailed  methods.  It  has  been  found 
thut  the  simple  assumption  of  physical  proper¬ 
ties  that  do  not  vary  with  temperaturo  is  not 
valid  at  high  velocities.  (Reference  25.) 

Since  the  tangent  ogive  is  usually  chosen  as 
the  optimum  radome  shape,  let  us  consider  such 
a  radome  and  the  effects  that  missile  launch 
and  burn-out  velocity,  acceleration,  fineness 
ratio,  and  tip  blunting  have  on  temperature  and 
thermal  streets.  The  following  conclusions  are 
equully  valid  for  radomes  of  any  shape;  only  the 
magnitude!  of  the  change  is  different.  A  review 
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of  the  stress  equations  shows  that:  (1)  the 
radial  stress  vanishes  at  the  outer  and  inner 
surfaces,  (2)  circumferential  and  meridional 
stresses  are  equal  in  magnitude  but  vary  with 
position  through  the  wall  thickness,  and  (3) 
circumferential  and  meridional  stresses  are 
maximum  at  the  surface.  Since  the  maximum 
radial  stress  is  significantly  less  than  the  maxi¬ 
mum  meridional  stress,  this  discussion  will  be 
concerned  only  with  the  meridional  stress.  If 
two  ogival  radomes  having  a  tip  blunting  radius 
of  1.6  in.  and  fineness  ratios  of  3:1  and  2:1, 
respectively,  are  fabricated  of  the  same  ma¬ 
terial  and  are  subjected  to  the  sable  velocity 
and  altitude  profiles,  they  experience  consid¬ 
erably  different  thermal  environments  as  shown 
in  Fig.  1-12.  In  general,  it  is  found  that  the 
temperature  of  these  radomes  decreases  with 
increasing  distance  from  the  tip ;  however,  for 
high  fineness  ratios,  the  temperatures  are 
greatly  in  excess  of  those  encountered  with  low 
fineness  ratios.  Figure  1-13  shows  the  thermal 
gradients  at  the  stagnation  point  for  a  radome 
with  a  high  fineness  ratio.  Figure  1-14  was  ob¬ 
tained  by  using  these  data  to  compute  thermal 
stress.  It  shows  the  differences  between  the  vari¬ 
ous  stress  components.  Similar  data  for  the 
other  missile  stations  provide  the  information 
given  in  Fig.  1-16.  The  decrease  in  temperature 
and  thermal  stress  at  the  lower  fineness  ratios 
is  self-evident.  If  a  radome  is  flown  on  a  snap- 
down  and  co-altitude  trajectory,  the  tempera¬ 
ture  and  peak  tensile  stress  are  approximately 
10  to  16  percent  greater  for  the  snap-down  tra¬ 
jectory. 

Acceleration  has  little  effect  on  maximum 
temperatures  if  the  missiles  attain  the  same 
peak  velocity.  However,  thermal  stress  increases 
with  increasing  acceleration.  Temperature, 
thermal  gradient,  and  thermal  stress  increase 
for  a  radome  subjected  to  the  same  acceleration 
but  to  different  initial  velocities.  An  increase  of 
one  in  Mach  number  can  cause  a  60-  to  100-per¬ 
cent  increase  in  stress,  depending  on  the  radome 
material. 

The  peak  temperature  of  the  outer  surface 
is  relatively  independent  of  wall  thickness. 
Thermal  gradients  and  thermal  stresses,  how¬ 
ever,  become  less  with  major  increases  or  de¬ 
creases  in  thickness.  Since  in  the  former  case, 
the  heat  is  distributed  through  a  greater  mass, 
the  temperatures  are  lower.  Since  in  the  latter 


DISTANCE  FROM  OUTER  SURFACE 
THICKNESS  OF  WAUL 

Figaro  I -13.  Stagnation  Point  Tamperature 
Gradionti 

case  there  is  less  mass,  the  thermal  gradients 
are  less  but  the  average  temperature  through¬ 
out  flight  is  higher.  A  decrease  in  initial  tem¬ 
perature  increases  the  thermal  gradient  and 
thermal  stress;  however,  the  peak  temperature 
does  not  become  appreciably  less.  The  relation¬ 
ship  of  radome  material  to  temperature  is  illus¬ 
trated  in  a  following  section.  Here,  it  is  suffi¬ 
cient  to  say  that  the  properties  of  radome  ma¬ 
terial  as  a  function  of  temperature  must  be 
included  in  all  analyses  dealing  with  hypersonic 
velocities.  The  temperature  profile  of  hyper¬ 
sonic  radomes  is  discussed  in  TDR-AFAL-64- 
342,  "Temperature  Profile  for  Hyper  Environ- 
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mental  Radomes,"  Final  Report  under  AF  83- 
(615) -1277. 

As  shown  in  Fig.  1-12,  the  temperature  is 
highest  at  the  tip  of  the  radome.  It  affects  the 
radome  both  electrically  by  increasing  the  bore- 
sight  error  and  structurally  by  producing  high 
thermal  stresses.  Thermal  stresses  arc  related 
to  thermal  expansion,  thermal  conductivity, 
strength,  and  elastic  modulus  of  the  dielectric 
material.  A  discussion  of  the  effect  of  these  arid 
other  properties  of  the  material  on  the  thermal 
shock  resistance  of  the  radome  is  covered  in 
Paragraph  1-l.B.b. 

The  reduction  of  the  temperature  and  ther¬ 
mal  gradient  to  the  extent  that  they  do  not 
impair  radome  performance  has  led  to  an  in- 
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vestigation  of  the  effect  of  the  tip  radius.  If 
tips  having  various  radii  are  used  to  blunt  the 
radome,  the  temperature  decreases  as  the  radius 
increases,  rh  nhnwn  in  Vi**  i_i£  Tho  effect  of  c 
decrease  in  temperature  on  the  tensile  thermal 
stress  on  the  inner  surface  of  the  radoine  is 
shown  in  Fig.  1-17.  It  can  be  seen  that  a  large 
reduction  in  stress  occurs  as  the  radius  in¬ 
creases  from  0.5  to  1  in.,  but  that  with  further 
increases  in  the  radius,  there  is  less  reduction 
in  stress.  Note  that  as  the  tip  radius  increases, 
the  time  of  peak  thermal  stress  is  deferred.  This 
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Figure  1-17.  Tun  tile  Thermal  Siren  at  Stagnation 
Point  for  Vat  lout  Radome  Tip  Radii  vt  Flight  Time 


fact  can  be  utilized  to  prevent  catastrophic  fail¬ 
ure  in  specific  systems.  An  example  is  a  ground- 
to-air  missile,  which  has  a  life  expectancy  of 
seconds.  Here,  before  intercept,  the  stress  can 
be  reduced  to  a  value  below  that  at  which  failure 
can  occur. 

In  many  systems,  the  relief  afforded  by  nose 
blunting  is  not  sufficient  to  prevent  radome  fail¬ 
ure.  In  these  cases,  additional  steps  must  be 
taken.  One  method,  discussed  in  References  33 
through  36,  is  to  use  an  aerodynamic  spike  at 
the  tip.  This  spike  has  been  found  to  be  effective 
at  low  angles  of  attack.  It  causes  a  decrease  not 
only  in  radome  temperature  but  also  in  drag. 
Reference  36  presents  data  indicating  that  the 
spike  does  not  adversely  affect  the  electrical 
performance  of  the  radome  beyond  that  ex¬ 
pected  for  a  radome  with  a  fineness  ratio  that 
is  the  same  as  the  ratio  of  the  distance  from  the 
tip  of  the  spike  to  radome  base  to  the  diameter 
of  this  base.  Jets  of  gas  or  fluids  directed 
forward  from  the  tip  reduce  the  radome  tem¬ 
perature.  Although  systems  proposed  in  Refer¬ 
ences  38  and  37  attain  their  objectives,  they 
impair  the  electrical  characteristics  of  the 
radome  and  increase  the  complexity  and  weight 
of  the  missile  because  facilities  for  the  storage 
and  transfer  of  gas  are  required.  However,  these 
systems  should  be  considered,  especially  for 
large-diameter  missiles.  Other  methods  of  cool¬ 
ing,  such  as  transpiration  and  convection,  are 
summarized  in  Reference  25.  Cooling  by  tran¬ 
spiration  is  desirable  if  weight  and  internal 
C  pressure  are  important  considerations^  Tran¬ 
spiration  and  convective  cooling  require  internal 
pressurization  and  either  porous  or  slotted 
walls:  For  this  reason,  these  methods  are  tio£ 
applicable  to  evacuated  systems.  The  use  of  a 
heat  sink  and  ablative  cover  is  considered  in 
References  23,  and  38  through  40,  each  of  which 
contains  a  list  |  of  references  dealing  with  this 
subject.  An  ablative  cover  has  the  advantages 
of  being  self-regulatory  and  nut  requiring  the 
pump  and  storage  equipment  needed  with  tran¬ 
spiration  or  mass  injection  systems.  Ablatives, 
such  as  Teflon,  polyethylene,  and  fused  silica 
or  quartz,  not  only  absorb  heat  in  the  ablative 
process,  but  also  act  as  insulators  because  of 
their  low  thermal  conductivity.  They  also  offer 
the  advantages  of  low  electrical  loss,  the  ab¬ 
sence  of  a  char  residue  or  a  conductive  liquid 
layer,  and  smooth  ablation  that  leaves  an  aero- 


Figure  1-18.  Stagnation  Point  Temperature 
Hitlorie i  lor  Radomet  with  Variou*  Tip  Radii  and 
Teflon  Protective  Coven. 

dynamically  clean  surface.  They  can  be  readily 
molded  and  then  bonded  to  the  radome  to  pro¬ 
tect  the  tip  area.  These  materials  remove  heat 
by  heating  the  solid  to  its  ablation  temperature, 
melting  or  subliming  the  surface,  injecting  the 
gaseous  product  into  the  boundary  layer,  and 
chemically  reacting  with  the  boundary  layer. 
Because  of  its  high  ablation  temperature,  the 
use  of  silica  (or  quartz)  is  limited  to  reentry 
conditions.  Teflon,  having  an  ablation  tempera¬ 
ture  of  approximately  1000°F,  is  ideal  for  use 
at  hypersonic  velocities.  Reference  21  cites  one 
example  of  the  use  of  Teflon  to  reduce  the  high 
temperature  and  thermal  stress  in  the  tip  area. 
Figure  1-18  presents  temperature  histories  for 
the  same  conditions  as  those  on  which  Fig.  1-16 
is  based.  Teflon  0.390,  0.275,  and  0.190  in.  thick 
was  used  for  the  0.5-,  1.0-,  and  2.0-in.  radii, 
respectively.  The  advantage  of  an  ablation  in¬ 
sulation  system  is  obvious.  Since  the  heat  flux 
decreases  aft  of  the  lip,  the  thickness  of  the 
Teflon  can  also  decrease,  as  shown  in  Fig.  1-19, 
Ablators  that  become  charred  provide  additional 
thermal  protection,  but  have  the  disadvantage 
of  leaving  a  conductive  and  molten  layer.  Ma¬ 
terials  such  as  phenolics,  epoxides,  phenylsilanea 
and  furans,  if  they  are  all  reinforced  with  nylon, 
silica,  glass,  and  other  fibers,  are  examples  of 
charring  ublators.  The  phenolic-nylon  system 
discussed  in  Reference  23  has  the  desirable 
properties  of  a  charring  ablator,  i.e.,  gaseous 
products,  a  molten  layer,  a  porous  char  layer, 
and  an  insulating  layer  are  formed. 
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Figure  1-19.  Crott  Section  of  Radome  Tip  Protected 
by  Ablative  Cover 

1-1. 4 .3  Electrical 

The  primary  electrical  requirement  a  radomc 
must  satisfy  is  to  cause  minimum  distortion 
of  the  electrical  characteristics  of  the  antenna ; 
therefore,  boresight  errors  and  derivatives  as 
well  as  absorption  and  transmission  losses  must 
be  kept  small.  Compensating  techniques  are 
available  to  the  radome  designer  (Reference  1) 
to  minimize  these  undesirable  effects  at  ambient 
temperatures.  Since  facilities  for  the  direct 
measurement  of  boresight  errors  during  a  sim¬ 
ulation  of  the  expected  thermal  environment  are 
not  available,  such  errors  can  be  determined 
only  by  theoretical  analysis.  The  electrical  char- 
acteristics  of  a  radome  of  a  given  shupe  and 
fineness  ratio  are  directly  related  to  the  elec¬ 
trical  wall  thickness,  which  at  all  frequencies 
depends  on  dielectric  constant,  coefficient  of 
thermal  expansion,  and  loss  tangent.  Hencfc,  the 
variation  in  these  properties  with  temper^fcvttc^ 
becomes  important  as  velocity  and,  therefore, 
radome  temperature  increase. 

Since  the  temperatures  of  various  portions 
of  the  radome  are  a  function  not  only  of  posi¬ 
tion  but  also  of  altitude,  trajectory,  shape,  fine¬ 
ness  ratio,  and  time,  the  radome  should  have 
either  of  the  following  properties:  v i )  com¬ 
pensation  for  the  variation  in  dielectric  constant 
by  an  appropriate  variation  in  thermal  expan¬ 
sion  and  vice  versa,  or  (2)  a  uniform  dielectric 
constant  and  uniform  thermal  expansion.  The 
compensation  techniques  documented  in  Refer¬ 
ence  41  have  been  investigated  at  the  Hughes 


Aircraft  Company.  The  incorporation  of  dielec¬ 
tric  fillers  in  selected  plastic  materials  has  re¬ 
sulted  in  materials  that  have  essentially  con¬ 
stant  electrical  t.hirlrn»««  up  to  approximately 
500°F.  Silicone  materials  are  favored  because 
their  dielectric  constant  changes  less  than  in 
most  plastics.  However,  their  electrical  thick¬ 
ness  varies  as  much  as  2.9  percent  over  the 
temperature  range  from  70°F  to  600°F.  Since 
this  change  is  primarily  due  to  the  effect  of 
thermal  expansion,  filler  materials  having  a 
negative  coefficient  of  thermal  expansion  were 
studied.  These  materials,  titanium  dioxide  and 
the  titanates  of  calcium,  barium,  and  strontium, 
were  used  to  load  silicone  plastics.  The  primary 
conclusions  reached  were:  (1)  the  use  of  stron¬ 
tium  titanate  in  the  proper  quantity  can  result 
in  negligible  changes  in  electrical  thickness,  and 
(2)  this  effect  is  predominant  over  the  tem¬ 
perature 'range  from  70"F  to  500°F  and  dimin¬ 
ishes  at  higher  temperatures.  Recent  surveys 
and  studies  of  the  properties  of  ceramic  ma¬ 
terials  show  that  no  material  having  these  char¬ 
acteristics  is  available  at  present.  Thus,  ma¬ 
terials  having  these  characteristics  are  not 
available  for  use  at  hypersonic  velocities  be¬ 
cause  the  peak  temperatures  encountered  exceed 
the  capability  of  plastics. 

The  requirements  for  invariant  dielectric  con- 
stunt  and  thermal  expansion  are  not  met  with 
plastic  or  ceramic  materials.  Thus,  the  material 
with  the  smallest  change  in  dielectric  constant 
and  thermal  expansion  must  be  chosen.  The 
properties  of  two  materials  that  best  approxi¬ 
mate  this  condition,  Pyroceram  and  fused  silica, 
are  discussed  in  References  42  and  43,  respec¬ 
tively.  The  effect  of  a  variation  in  the  above 
properties  must,  therefore,  be  evaluated.  Refer¬ 
ence^  presents  methods  of  approximating  the 
of  the  thermal  environment  by  consider¬ 
ing  the  change  in  wall  thickness  attributable  to 
thermal  expansion  and  dielectric  constant.  Two 
materials  commonly  considered  for  use  with 
hypersonic  missiles  are  evaluated.  Figure  1-20 
presents  the  results  of  such  an  analysis  for  a 
onc-ha!f-wavelength  solid-wall  radome.  It  is  ap¬ 
parent  from  these  data  that  the  increase  in  wall 
thickness  is  great  enough  to  increase  boresight 
errors  and  decrease  transmission  coefficients. 

If  tip  blunting  and  an  ablative  ci.ver  are  em¬ 
ployed,  the  increase  in  electrical  wall  thickness 
can  be  appreciably  reduced.  For  the  case  in 
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question,  this  thickness  can  be  less  than  0.002 
in.  with  a  minimum  ablative  thickness  and  tip 
radius. 

Reflection,  transmission,  and  absorption  co¬ 
efficients  and  variations  in  internal  phase  dif¬ 
ference  arc  based  on  the  mean  radome  wall 
temperature,  the  wall  thickness,  the  angle  of 
incidence,  and  the  physical  properties  of  the 


radome  material.  For  most  materials  capable  of 
withstanding  hypersonic  flight,  a  no-loss  analy¬ 
sis  is  valid  because  of  the  low  loss  of  such  ma¬ 
terials.  Pattern  distortions  can  be  evaluated  by 
using  the  appropriate  change  in  wall  thickness 
associated  with  the  temperature  of  the  radome 
wall.  The  use  of  the  average  temperature  in  the 
region  of  the  wall  cut  by  the  antenna  main  beam 


20 


to  determine  the  effective  wall  thickness  and 
thus  pattern  distortion  based  on  room-tempera¬ 
ture  measurements  at  that  thickness  is  also 

*  Ui>U< 

As  indicated  previously,  the  aerodynamic 
considerations  usually  dictate  that  a  radome 
have  a  high  fineness  ratio  and  a  small  included 
vertex  angle.  Since  boresight  error  derivatives 
are  most  sensitive  to  these  variables,  these  de¬ 
rivatives  are  useful  in  evaluating  the  expected 
electrical  performance  of  a  radome.  If  it  is  re¬ 
membered  that  for  a  specific  illumination  the 
half-power  beamwidth  6  of  an  antenna  is 
given  by 

N=6-£~  (1-8) 

A<) 

where  A  —  operative  diameter  of  antenna 
Xo  —  free-space  v/avelength 
N  =  a  constant 

it  is  not  surprising  to  find  that  a  similar  param¬ 
eter  has  evolved  for  the  boresight  error  de¬ 
rivative.  (See  Reference  44.)  It  has  been  found 
experimentally  that  for  a  fixed  fineness  ratio 
the  variation  in  boresight  error  derivative  is 

N  =  B  (1-9) 

where  the  variables  are  as  defined  before.  A 
review  of  the  copious  literature  available  shows 
that  although  the  inplant  component  of  error 
derivative  is  usually  larger  than  the  crosstalk 
component,  the  sum  of  these  components  re¬ 
mains  fairly  constant.  Figure  1-21  was  derived 
empirically  from  data  on  radomes  developed  at 
the  Hughes  Aircraft  Company,  and  others  dis¬ 
cussed  in  the  literature.  The  information  it 
contains  is,  in  general,  conservative.  For  a  fine¬ 
ness  ratio  greater  than  2,  the  effects  of  the 
elongated  shape  predominate;  for  a  fineness 
ratio  less  than  2,  the  near-field  effects  predom¬ 
inate.  Thus,  the  boresight  derivative  approaches 
the  expected  minimum  value  for  the  hemi¬ 
sphere.  As  the  fineness  ratio  increases,  this 
derivative  increases.  A  general  rule-of-thumb 
indicates  that  for  a  blunted  shape,  this  deriva¬ 
tive  is  slightly  less  than  that  for  an  unblunted 
radome.  The  effect  of  shape  is  also  shown  in 
Fig.  1-21.  The  ogive  provides  the  lowest  value 
of  B,  which  increases  for  the  three-quarter 
power  shape  and  the  cone.  These  increases  are 
expected  since  these  shapes  are  not  the  best 


electrically.  The  position  of  the  antenna  within 
the  radome  cun  modify  the  results  shown  in 
Fig.  1-21,  which  are  based  on  the  assumption 
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If  the  antenna  is  close  to  the  radome  tip,  the 
value  of  B  becomes  less,  since  the  angles  of  inci¬ 
dence  are  slightly  less.  Note  that  the  proper 
choice  of  frequency  and  of  antenna  diameter 
can  minimize  the  effect,  of  radome  shape  on  B. 
'«  shown  in  Figs.  1-6  through  1-9,  the  choice 
of  an  ogival  shape  permits  the  use  of  a  larger 
antenna,  and  boresight  derivatives  can  be  re¬ 
duced. 

The  effect  of  corrective  techniques  is  illus¬ 
trated  in  Fig.  1-21  for  the  ogival  shape.  Similar 
reductions  are  possible  for  other  shapes.  Ex¬ 
perience  has  shown  that  although  such  reduc¬ 
tions  in  the  value  of  B  are  attainable,  the  cost  of 
developing  a  radome  and  producing  it  in  quan¬ 
tity  may  outweigh  the  choice  of  the  most  desir¬ 
able  shape  or  fineness  ratio  when  total  system 
costs  are  considered;  i.e.,  the  additional  cost  of 
a  better  propulsion  system  to  provide  the  same 
velocity  even  though  a  radome  with  high  drag 
is  used  could  be  less  than  the  cost  of  correcting 
a  radome.  The  effect  of  temperature  on  bore¬ 
sight  error  derivative  can  be  approximated  by 
calculating  the  effective  increase  in  electrical 
thickness  discussed  previously  and  then  con¬ 
verting  this  change  to  a  corresponding  decrease 
in  frequency  at  room  temperature.  This  de¬ 
crease  can,  in  turn,  be  converted  to  an  increase 
in  boresight  error  derivative  by  using  the  data 
contained  in  Fig.  1-21.  This  information  will 
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provide  another  means  of  choosing  a  suitable 
radome  material. 

Transmission  «nH  reflection  coefficients  vary 
in  the  same  manner  as  boresight  error  deriva¬ 
tive.  The  approximate  magnitude  of  these  varia¬ 
tions  can  be  calculated  by  using  the  methods 
presented  in  Reference  21. 

If  an  ablative  cover  is  used  to  reduce  thermal 
stress  and/or  temperature  at  the  tip  of  the 
radome,  its  effect  on  electrical  performance 
must  be  considered.  The  radome  is  analyzed  by 
considering  it  as  a  two-layer  laminated  struc¬ 
ture  in  which  the  thickness  of  the  cuter  ablative 
layer  varies  with  flight  time  and  trajectory. 
Since  the  thickness  of  this  layer  decreases  with 
time,  the  effect  of  this  cover  on  radome  per¬ 
formance  decreases.  If  the  cover  is  just  thick 
enough  to  reduce  stress  and  temperature  during 
the  acceleration  phase  of  flight,  it  will  disappear 
before  the  end  of  flight.  Thus,  such  a  cover  de¬ 
creases  boresight  error  and  error  derivative 
during  the  fmafcritical  phase  of  the  flight. 

The  effect  of  various  ablative  materials  on 
electrical  performance  has  undergone  extensive 
experimentation.  References  46  and  46  present 
the  results  of  recent  experiments  dealing  with 
electrical  transmission  through  ablative  ma¬ 
terials,  The  materials  studied  were  cork,  phe¬ 
nolic-nylon,  Duroid,  Thermolag,  Avcoat,  sili¬ 
cones  and  polyimide  plastic  loaded  with  asbestos 
and  glass  fibers,  and  both  TFE  and  FEP  Teflon 
loaded  with  glass  and  silica  fibers.  The  con¬ 
clusions  were  similar  and  confirmed  the  results 
given  in  Reference  21,  which  studied  the  prob¬ 
lem  analytically.  The  superior  material  was 
found  to  be  Teflon  in  either  of  its  forms.  How¬ 
ever,  it  must  be  loaded  to  achieve  dimensional 
stability  at  high  temperatures.  Thus,  the  rein¬ 
forced  Teflon  materials  are  better  suited  to 
designs'  that  do  not  employ  ceramic  materials 
with  small  ablative  covers,  but  employ  instead 
ablative  materials  to  form  the  complete  radome. 
In  this  case,  an  analysis  of  electrical  perform¬ 
ance  is  simplified  since  the  substrate  is  not  pres¬ 
ent.  Although  the  transmission  of  these  radomes 
is  greater,  boresight  errors  in  the  tip  area  are 
les3  because  of  the  elimination  of  the  mismatch 
at  the  ablator-substrate  interface.  However,  the 
overall  performance  is  worse  because  of  the 
greater  loss  and  variation  in  dielectric  constant 
in  the  aft  structure.  A  ceramic  radome  with  an 
ablative  tip  is  superior  for  those  applications  in 


which  the  forward  urea  of  the  ladome  must  be 
protected.  If  the  environment  is  severe,  the  non 
uf  ceramic  ablators,  such  as  optical  or  fused 
silica,  should  be  considered. 

1-1 .4.4  Structural 

The  effects  of  pressure  and  inertial  loading 
must  also  be  considered  in  choosing  a  radome 
contour.  A  bulbous  shape  ha3  greater  strength, 
while  large  fineness  ratios  increase  the  stress 
since  the  bending  moments  that  occur  at  any 
radome  station  is  greater.  The  radome  is  sub¬ 
jected  to  compressive  forces  caused  by  aero¬ 
dynamic  loads  during  level  flight.  However,  as 
the  missile  maneuvers,  bending  moments  occur 
that  cause  tensile  stress.  This  stress  reaches  a 
maximum  where  the  radome  is  attached  to  the 
missile.  This  area  is  perhaps  the  only  one  where 
nonthermal  loading  is  of  primary  importance. 
Even  in  the  attachment  area,  depending  on  the 
method  of  attachment,  mechanical  loading  can 
be  of  secondary  importance  when  compared 
with  the  loads  imposed  by  the  thermal  environ¬ 
ment.  Structural  reliability  in  this  area  is  chiefly 
determined  by  the  design  of  the  attachment,  not 
by  the  shape  or  fineness  ratio  of  the  radome. 


Environmental  factors  encountered  during 
storage,  handling,  and  captive  flight  usually 
pose  iio  problem  in  designing  a  radome  capable 
of  withstanding  hypersonic  flight.  The  most  im¬ 
portant  environmental  consideration  is  rainfall 
encountered  during  flight  at  high  velocities.  The 
rate  and  probability  of  rainfall  and  the  distri¬ 
bution  of  the  sizes  of  the  raindrops  depend  on 
such  factors  as  geographic  location  and  altitude 
(see  Paragraph  3-1).  Data  on  these  factors  are 
given  in  Reference  47.  Since  each  radome  will 
encounter  different  conditions,  depending  on  its 
mission,  each  design  must  be  evaluated  sep¬ 
arately.  The  primary  factor  determining  the 
resistance  of  a  radome  to  rainfall  is  the  angle 
at  which  the  raindrops  strike  its  surface.  As 
presented  in  Reference  48  for  tests  of  wedge- 
shaped  specimens  of  Perspex,  there  was  a  wedge 
angle  below  which  no  erosion  took  place.  Inves¬ 
tigation  revealed  that  with  plastic  materials,  it 
is  the  normal  component  of  velocity  that  is  sig- 


1.4.5  Environmental 
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nificant  in  initiating  erosion.  but  that  the  tan¬ 
gential  component  is  the  important  parameter 
if  the  rate  of  erosion  is  considered.  Investiga¬ 
tions  of  the  erosion  of  ceramic  materials,  re¬ 
ported  in  Reference  49,  showed  that  the  damage 
is  proportional  to  the  normal  component  of 
velocity  and  that  the  effect  of  the  tangential 
component  on  dense  ceramic  bodies  is  negligible. 
Various  analyses  have  demonstrated  that  a 
selection  of  the  proper  radome  shape  can  reduce 
the  probability  of  failure  due  to  rain  erosion. 
These  optimum  shapes  include  the  cone  and 
ogive  and  other  pointed  ones  having  a  high  fine¬ 
ness  ratio.  The  data  summarized  in  (References 
50  and  61  confirm  that  ceramic  materials  usu¬ 
ally  show  no  evidence  of  progressive  damage 
from  erosion,  but  that  there  does  occur  a 
progressive  propagation  of  microcracks  that 
depends  on  the  total  time  the  material  has  been 
subjected  to  rainfall.  Ce.amic  radomes  fail  by 
a  catastrophic  release  of  energy  that  depenfls 
on  the  angle  at  which  the  rainfall  strikes  them, 
the  intensity  of  the  rainfall,  and  the  duration  of 
test. 

Recent  tests  have  shown  that  pointed  ceramic 
radomes  do  not  fail  in  environments  in  which 
blunted  radomes  fail.  Thus,  radomes  designed 
for  high-velocity  flight  through  rainfall  should 
have  a  high  fineness  ratio  and  low  included 
angles.  The  use  of  an  ablative  cover  affords 
some  protection  for  blunted  bodies.  This  expe¬ 
dient  is  limited,  however,  since  large  quantities 
of  ablative  material  cannot  be  used  because  of 
the  increase  in  the  weight  and  length  of  the 
radome.  Chapter  3  contains  data  on  the  resist¬ 
ance  of  ceramic  materials  to  rain  erosion;  this 
recently  gathered  information  should  he  re¬ 
viewed  before  any  radome  design  is  undertaken. 


1-1.4, 6  Wall  Construction 

The  performance  of  a  high-velocity  missile 
depends  not  only  on  its  weight,  but  also  on  its 
center  of  gravity  and  its  transverse  and  polar 
moments  of  inertia.  These  parameters,  there¬ 
fore,  must  be  considered  in  radome  design,  but 
for  most  aerodynamic  .shapes,  their  calculation 
is  a  complex  task.  The  tables  and  equations  in 
Reference  52  permit  rapid  calculation  of  the 
weight,  volume,  center  of  gravity,  and  moments 
of  inertia  for  cones,  ogives,  and  other  solids  of 
revolution  that  are  either  pointed  or  blunted. 


Using  (his  reference  will  greatly  reduce  the  time 
requiiuu  u> obtain  the  data  needed  in  comparing 
various  designs.  The  more  bulbous  shapes  arc 
heavier  and  those  with  high  fineness  ratios  have 
larger  moments  of  inertia.  Weight  can  be  re¬ 
duced  by:  (1)  placing  the  antenna  far  within 
the  missile  nose  and  making  the  aft  nonelec¬ 
trical  portions  from  thin  metallic  materials,  and 
(2)  using  a  wall  that  has  high  specific  strength. 

The  lightest  wall  is  the  thin  wall.  If  it  is  ac¬ 
ceptable  electrically,  a  one-half  sandwich  ra¬ 
dome,  although  somewhat  heavier,  has  the 
advantage  of  greater  strength.  The  thick  solid- 
wall  radome  is  by  far  the  heaviest.  Development 
of  the  ceramic  materials  required  for  an  “A” 
sandwich  radome,  discussed  in  References  4  and 
5,  provides  the  radome  designer  with  a  light 
and  strong  wall.  Such  a  wall  also  has  low  ther¬ 
mal  diffusivity  and  thus  serves  as  an  insulator 
to  maintain  the  internal  components  at  almost 
their  initial  temperature.  The  thick  and  thin 
solid  wails,  on  the  other  hand,  do  not  provide 
insulation  unless  special  material  requirements 
are  imposed.  It  is  not  unusual  for  inner-surface 
temperatures  to  rise  to  more  than  1000°F.  This 
increase  in  temperature,  in  turn,  causes  the  tem¬ 
perature  of  the  antenna  to  increase  several  hun¬ 
dred  degrees  Fahrenheit  and  thus  adversely 
affects  the  antenna  pattern, 

Another  consideration  of  importance  in 
radome  design  that  has  been  described  previ¬ 
ously  is  the  effect  that  increasing  the  size  of 
the  antenna  has  on  reducing  boresight  error 
derivatives.  Since  the  thickness  of  the  radome 
wall  falls  within  the  aerodynamic  contour,  this 
thickness  limits  the  size  of  the  antenna.  The 
small  increase  in  diameter  permitted  by  thin 
walls  offers  no  advantage  since  the  resulting 
increase  in  gain  is  usually  offset  by  the  greater 
transmission  loss  of  the  radome.  For  thick  solid 
walls  and  sandwich  constructions  having  low 
losses,  an  increase  of  several  tenths  of  a  decibel 
can  often  be  realized. 

The  requirements  for  an  internal  vacuum  or  for 
pressurization  limit  the  choice  of  materials  and 
fabrication  techniques  to  those  that  provide  a 
dense  wall  that  gases  cannot  permeate.  The 
sandwich  and  multilayer  walls  require  core  ma¬ 
terials  having  a  low  dielectric  constant;  such 
walls  are  usually  permeable  by  gas.  The  type  of 
wall  chosen  affects  thermal  stress  since  thin 
walls  can  be  designed  on  which  stress  has  a 
negligible  effect.  The  solid  wall  used  in  previous 
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illustrations  of  design  criteria  is  the  one  most 
susceptible  to  failure  because  of  thermal  stress. 
The  "A”  sandwich,  which  has  a  porous  low- 
conductivity  core,  is  more  resistant  to  thermal 
stress  since  the  temperatures  of  the  skins  are 
uniform  and  the  temperature  gradient  occurs 
within  the  core,  which  may  not  support  crack 
propagation  and  which  is  not  a  prime  structural 
member.  The  “B”  sandwich  can  also  be  designed 
to  resist  failure  due  to  thermal  stress. 

As  discussed  previously,  the  thin-wall  sand¬ 
wich  and  the  multilayer  walls  are  broadband. 
For  example,  a  multilayer  wall  can  be  designed 
to  have  a  bandwidth  of  40  to  1.  This  is  a  con¬ 
siderably  greater  bandwidth  than  the  2-percent 
bandwidth  usually  cited  for  thick  solid  walls. 

In  choosing  the  type  of  wall  to  be  used  for  a 
given  design,  it  must  be  considered  that  solid- 
wall  radomes  are  usually  isotropic  (certain 
oriented  crystalline  materials  are  exceptions), 
whereas  sandwich  and  multilayer  radomes  are 
never  isotropic.  At  best,  physical  properties 
vary  ir  directions  perpendicular  and  parallel 
to  the  radome  wall.  The  fluted  and  honeycomb 
cores  can  exhibit  a  threefold  anisotropy  since 
the  orientation  of  flutes  can  be  such  that  varia¬ 
tions  occur  in  each  of  the  three  orthogonal  axes. 
If  this  anisotropy  is  great,  the  mechanical 
and/or  electrical  design  becomes  complicated. 

Factors  such  as  field  handling  and  reliability 
must  also  be  considered.  The  destruction  of  a 
radome  before  use  can  be  prevented  by  employ¬ 
ing  suitable  protective  devices.  Field  inter¬ 
changeability  is  not  a  normal  requirement  for 
small  radomes  as  it  is  for  large  ones.  Thus,  the 
designs  must  ensure  essentially  constant  prop¬ 
erties  from  radome  to  radome.  All  radomes  must 
be  highly  reliable  and,  hence,  must  be  capable 
of  withstanding  stresses  in  excess  of  those  en¬ 
countered  in  normal  service.  The  complexity  of 
radomes  requires  that  a  detailed  quality  control 
program  be  enforced.  Dimensional  tolerances 
other  than  those  for  wall  thickness  can  be  easily 
met.  Since  the  tolerance  for  thickness  of  sand¬ 
wich  walls  is  usually  at  least  twice  that  required 
for  solid  walls,  sandwich  walls  are  much  easier 
to  fabricate.  Broadband  multilayer  radomes, 
however,  involve  extremely  close  tolerances  and- 
are  expensive  to  manufacture,  even  in  large 
quantities.  Sir/ce  tolerances  decrease  as  the 
dielectric  constant  decreases,  a  low  dielectric 
constant  is  desirable  for  solid-wall  radomes. 


Manufacturability  and  reproducibilily  must 
also  be  considered  since  they  limit  the  choice  of 
radome  type.  A  design  that  is  feasible  ana¬ 
lytically  may  not  be  so  practical  or  may  be  im¬ 
possible  to  fabricate  in  production  quantities. 
The  choice  of  a  radome  design  must  also  be 
based  on  a  review  of  the  fabrication  methods 
available  since  it  is  they  that  largely  govern  cost. 
A  slip-cast  ceramic  radome  may  be  ten  times 
less  expensive  than  a  completely  ground  ceramic 
radome. 

The  method  used  to  attach  the  radome  to  the 
missile  depends  on  the  type  of  radome  wall  and 
material  and  also  alTects  the  final  cost.  Solid 
walls  can  be  readily  attached.  However,  the 
small  experience  available  with  the  ceramic 
sandwiches  limits  a  designer  to  essentially  orig¬ 
inal  desigrs  that  must  undergo  detailed  analyses 
and  complete  testing  before  their  merits  can  be 
determined. 


1-1.5  PHYSICAL  PROPERTIES  OF  RADOME 
MATERIALS* 

A  review  of  the  relationships  between  radome 
shape,  fineness  ratio,  and  wall  thickness  and 
the  restrictions  imposed  by  aerodynamic,  struc¬ 
tural,  electrical,  thermal,  environmental,  and 
physical  requirements  indicates  that  special 
materials  are  required.  Since  there  is  not  one 
material  that  has  all  of  the  desirable  character¬ 
istics  for  all  radome  designs,  it  is  important  to 
review  the  various  properties  of  materials  that 
affect  radome  performance.  It  will  then  be  pos¬ 
sible  to  select  a  compromise  material.  The  prop¬ 
erties  of  a  material  can  be  grouped  in  five 
categories:  general,  environmental,  thermal, 
electrical,  and  mechanical.  The  standard  ques¬ 
tion  asked  by  material  suppliers  and/or  fabrica¬ 
tors  is:  “Which  properties  are  important  in 
radome  design?”  The  fairly  complete  list  pre¬ 
sented  in  Table  1-1  includes  many  properties 
that  need  not  be  analyzed  but  that  should  be 
considered  in  choosing  a  material.  Those  proper¬ 
ties  that  are  essential  are  marked  with  a  double 
asterisk.  However,  accurate  and  detailed  analy¬ 
ses  are  possible  only  if  tbs  physical  properties 
are  known  as  a  function  of  temperature  over  the 
complete  range  of  temperatures  expected. 


*  See  Paragraphu  1-4,  5-9  and  5-10. 
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TABLE  1-1.  PHYSICAL  PROPERTIED  INVOLVED  IN  RADOME  DESIGN* 


1. 

OK N URAL 

4.  ELECTRICAL 

Color 

Hnflwtinn  rnafflniant 

Surface  finish 

Absorption  coefficient 

Surtfuro  tntiini 

Trims-  sisslon  coefficient 

Composition 

Loss  tangent* ** 

Homogeneity 

Dielectric  constant** 

Isotropy 

Dielectric  strength 

Loss  factor 

2. 

ENVIRONMENTAL 

Resistance  t'i  moisture  and  rain 

Water  absorption 

Gas  permeability 

Volume  resistivity 

Outgassing 

5.  MECHANICAL 

Resistance  to  chemical  solubility,  salt  spray,  and  fungus 

Hardness 

Radiation  effects 

Impact  strength 

Storage  lifo 

Density 

Young’s  modulus  of  elasticity** 

3. 

THERMAL 

Modulus  of  rigidity 

Maximum  use  temperature 

Poisson’s  ratio** 

Softening  point 

Bulk  modulus** 

Melting  point 

Shear  strength  and  modulus** 

Ablation  data** 

Compressive  strength  and  modulus 

Resistance  to  thermal  shock 

Tensile  strength  and  modulus** 

Thermal  conductivity** 

Flexural  strength  and  modulus** 

Thermal  diffusivity** 

Dimensional  return 

Specific  heat** 

Porosity 

Coefficient  of  linear  expansion** 

Fatigue  effects 

Total  normal  emissivity** 

Dimensional  stability 

*  Review  Paragraph  1-4,  and  see  Chapters  4  and  5. 

**  Properties  essential  in  choosing  a  radome  material. 


1-1. 5.1  Ganaral 

The  general  properties  include  such  optical 
properties  as  color,  translucence,  opaqueness, 
and  transparency  that  are  normally  not  con¬ 
sidered  in  radome  design.  Surface  texture  and 
finish  do,  however,  affect  aerodynamic  per¬ 
formance  since  a  rough  surface  increases  drag. 
A  126-microinch  finish  is  adequate  for  all  but 
the  most  stringent  aerodynamic  requirements. 


A  surface  increase  or  decrease  of  0.006  in.  does 
not  measurably  increase  aerodynamic  drag.  The 
materia]  must  be  both  structurally  and  elec¬ 
trically  homogeneous  since  unpredictable  varia¬ 
tions  in  these  properties  from  point  to  point 
reduce  structural  reliability  and  increase  the 
complexity  of  the  electrical  correction  needed. 
Although  structural  isotropy  may  be  a  desirable 
characteristic,  electrical  isotropy  is  usually  not 
because  radiated  energy  is  then  affected  dif- 
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ferontly  for  each  orientation  of  the  radome.  The 
hysteresis  effects  that  are  commonly  associated 
with  the  dielectric  constant  of  plastic  materials 
are  not  desirable. 

1-1. 5.2  Environmental 

Many  factors  affect  the  environmental  suit¬ 
ability  of  the  material.  Since  water  absorption, 
which  varies  with  temperature  and  pressure, 
increases  the  effective  dielectric  constant,  it 
gives  rise  to  an  uncontrollable  electrical  charac¬ 
teristic.  A  material  that  is  permeable  by  gases 
or  that  outgasses  when  heated  is  not  suitable  for 
use  in  an  evacuated  or  pressurized  radome. 
Resistance  to  solution  by  chemicals  other  than 
petroleum  products  or  others  associated  with 
missile  storage  and  use  is  not  required.  Many 
materials,  however,  are  affected  by  these  solu¬ 
tions.  Salt  spray  does  not  usually  impair  the 
properties  of  ceramic  materials,  which  seldom 
support  fungus^  cowth.  As  previously  discussed, 
resistance  to  rainfall  is  important  for  all  but 
clear-weather  missiles.  Changes  in  properties 
caused  by  radiation  of  any  frequency  are  not 
desirable.  Resistance  to  nuclear  and  atomic  radi¬ 
ation  must  be  considered  in  designing  a  radome 
for  operation  in  or  near  such  environments.  The 
effect  of  the  passage  of  time  on  the  physical 
properties  of  a  material  ,is  most  important;  a 
material  whose  characteristics  vary  from  day 
to  day  cannot  be  used. 

1-1.5.3  Thermal 

A  radome  is  subjected  to  very  high  velocities 
over  relatively  short  periods  of  time ;  therefore, 
its  melting  point  or  preferably  its  maximum 
use  temperature  as  a  function  of  heating  rate 
must  b'e  known.  A  calculation  of  surface  tem¬ 
peratures  andi  of  thermal  gradients  requires  a 
knowledge  of  the  total  normal  emittame  and  of 
two  of  the  following  three  properties  thermal 
conductivity,  k;  diffusivity,  at;  and  specific  heat 
capacity,  c,„  The  relation  between  these  proper¬ 
ties  and  density,  p,  is  given  by 

(l-10) 

If  spectral  omittance  data  are  the  only  data 
available,  they  can  be  readily  converted  to  total 
normal  emittance  by  the  methods  presented  in 


Reference  f>M.  Specific  heal  capacity,  c,„  is  de¬ 
fined  as  the  ratio  of  heat  Mowing  into  a  sub¬ 
stance  per  unit  mass  to  the  increase  in  the 
temperature  of  this  substance.  The  higher  the 

\rnlno  r\f  n  i  a  tl.n  lnuu  fVin  ♦omnnvntni'/i  of  4  Un 

radome  wall  increases.  Thermal  conductivity  is 
a  measure  of  the  ability  of  a  substance  to  con¬ 
duct  heat;  therefore,  a  high  ”alue  is  desirable 
if  thermal  stress  is  to  be  kept  to  a  minimum. 
Thermal  diffusivity,  a  measure  of  the  rate  of 
heat  transfer,  should  be  as  high  as  possible  to 
reduce  thermal  gradients  and,  hence,  thermal 
stress.  Transfer  of  heat  by  radiation  is  a  two- 
way  transfer  of  energy,  i.e.,  radiation  both  to 
and  from  the  radome,  depending  on  whether  the 
radome  or  its  environment  is  hotter.  Radiant 
heat  transfer,  a  function  of  the  fourth  power  of 
absolute  temperature,  is  most  efficient  for  bodies 
at  high  temperatures,  such  as  a  hypersonic 
radome.  Emittance  is  a  measure  of  the  efficiency 
of  the  radiator  compared  with  that  of  a  black 
body  at  the  same  temperature;  therefore,  high 
values  of  emittance  are  desirable  to  reduce 
temperature  buildup.  White  materials  are  good 
reflectors  visual  wavelengths  and,  therefore, 
have  low  emittance,  but  they  are  not  neces¬ 
sarily  good  reflectors  at  the  infrared  wave¬ 
lengths  that  are  important  in  heat  transfer. 
Pyroceram  and  alumina  are  materials  having 
low  emittance  in  the  visible  region  but  high 
emittance  in  the  infrared  region.  If  the  material 
ablates  at  high  temperatures,  such  information 
ar  iblation  rate  and  temperature  must  be  known 
,o  accurately  predict  the  temperatures  within 
the  radome  wall.  Resistance  to  thermal  shock 
and  coefficient,  of  linear  thermal  expansion 
(thermal  expansivity)  should  be  high  and  low 
in  magnitude,  respectively.  The  effect  of  these 
properties  is  discussed  in  a  later  portion  of  this 
chapter. 

1-1. 5.4  Electrical 

The  most  important  electrical  properties  in 
radome  design  are  dielectric  constant  and  loss 
tangent.  Since  reflection,  absorption,  and  trans¬ 
mission  coefficients  can  be  calculated  from  these 
parameters,  measured  data  are  not  required 
during  the  early  stages  of  design.  Loss  tangent, 
which  is  a  measure  of  the  loss  of  energy  due  to 
heating,  should  be  low,  as  it  is  for  most  ceramic 
materials.  The  dielectric  constant  should  in- 


26 


c reuse  only  slightly  with  temperature  in  order 
to  offset  the  effect  of  the  thermal  environment 
and  it  should  be  as  low  as  possible.  High  dielec¬ 
tric  constants  imply  low  mechanical  tolerances 
“*>'!  narrow  band  ;.pei  ntion.  An  ideal  material 
would  undergo  a  negligible  change  in  dielectric 
constant  and  loss  tangent  over  a  5-percent  band¬ 
width  since  this  small  change  in  these  values 
increases  broadband  capability. 


where  p  Poisson's  ratio 

n  linear  coefficient  of  thermal  expan¬ 
sion 

E  .  Young's  modulus  of  elasticity 
k  thermal  conductivity 
p  ~  density 

c,,  —  specific  heat  capacity  uL  constant 
pressure 

MOR  =  Modulus  of  Rupture 
d  =  wall  thickness 


1-1. 5. 5  Mcchonical 


Mechanical  characteristics  are  extremely  im¬ 
portant  because,  to  a  large  extent,  they  deter¬ 
mine  the  acceptability  of  a  material;  i.e.,  in¬ 
ferior  electrical  and  thermal  performance  may 
be  tolerable  if  the  radome  can  remain  intact 
during  flight.  The  data  presented  in  Chapter  3 
and  in  the  literature  indicate  that  resistance 
to  rain  erosion  and  catastrophic  failure  because 
of  rainfall  can  be  roughly  correlated  with  hard¬ 
ness  and  impact  strength,  respectively.  Thus, 
a  hard  noneroding  surface  is  electrically  desir¬ 
able  and  one  with  high  impact  strength  is  struc¬ 
turally  desirable.  Low  density  is  assumed  to  be 
analogous  to  low  weight.  Note,  however,  that 
density  alone  does  not  control  the  weight  of 
a  radome  since  the  dielectric  constant  deter¬ 
mines  the  wall  thickness.  The  value  of  the  ratio 
of  density  to  the  square  root  of  the  dielectric 
constant  should  be  the  lowest  possible. 

Tensile,  compressive,  and  flexural  strength 
should  be  high.  Nonductile  ceramics  always  fail 
under  tension.  For  this  reason,  the  ceramics 
industry  has  gradually  tended  to  eliminate  teats 
of  tensile  strength  because  of  the  problems  of 
alignment  encountered  in  "neb  tests.  The  Mod¬ 
ulus  of  Rupture  (MOR),  which  is  found  by  a 
test  similar  to  a  flexural  test,  is  measured  in¬ 
stead.  The  effect  of  surface  quality  on  strength 
must  be  considered  since,  to  a  certain  extent, 
all  ceramics  are  notch  sensitive  and  subject  to 
failure  if  their  surface  is  marred  by  grinding 
imperfections  or  scratches.  Because  ceramics 
are  brittle,  they  are  susceptible  to  microcracks 
due  to  improper  assembly  or  field  handling  and 
these  cracks  induce  failure  under  loading. 

The  ability  of  a  radome  to  withstand  thermal 
shock  is  associated  with  a  mechanical  index, 
one  form  of  which  is 


(1  -  n)  k  MOR 
«E  pc„  d 


(1-11) 


For  a  given  radome  shape  and  environment, 
this  index  provides  a  means  of  determining 
which  materials  should  be  considered.  How¬ 
ever,  experience  has  shown  that  the  use  of  this 
index  is  not  foolproof  and  that  a  detailed  analy¬ 
sis  often  reverses  the  sequence  of  materials 
listed  in  the  order  of  preference  based  on  this 
mechanical  index.  This  reversal  is  primarily 
due  to :  (1 )  the  effect  of  variations  in  the  physi¬ 
cal  properties  of  materials  with  temperature, 
and  (2)  the  magnitude  of  the  heat  transfer 
coefficient.  Findings  reported  in  References  64 
through  57  generally  concur  with  the  above 
statements.  The  use  of  either  two  or  three  in¬ 
dexes,  depending  on  the  magnitude  of  the  heat 
transfer  coefficient,  has  been  proposed. 

If  the  heat  transfer  coefficient,  h,  is  low,  Eq. 
1-11  takes  the  form 

MOR(l  ~/a)k  -  - 
«E  >  1 

If  the  heat  transfer  coefficient  is  high,  it  takes 
the  form 

MOR(l  —  p)  - 
«E  > 

Several  sources,  for  example,  Reference  56, 
suggest  using  an  expression  of  the  form  given 
by  Eq.  1-11  if  the  heat  transfer  coefficient  lies 
in  some  intermediate  region.  In  all  cases,  the 
effect  of  wall  thickness,  d,  was  neglected,  most 
probably  because  only  in  radome  design  does 
wall  thickness  necessarily  vary  from  material 
to  material.  To  illustrate  the  effect  of  the  heat 
transfer  coefficient,  let  us  consider  the  findings 
in  Reference  54.  The  thermal  shock  resistance 
of  beryllia  and  alumina  was  studied  by  using 
media  having  low  (air)  and  high  (water)  heat 
transfer  coefficients.  It  was  observed  that 
beryllia  is  superior  to  alumina  at  low  heat 
transfer  rates,  but  that  alumina  is  superior  at 
high  rates.  This  reversal  is  caused  by  the  inef- 
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futiveness  of  the  high  conductivity  of  l>eryJlia 
at  hijfh  heat  transfer  rates  and  to  the  higher 
values  of  Young's  modulus,  expansion  coeffi¬ 
cient,  and  MOR  of  alumina  under  these  condi¬ 
tions.  Tc  furthci  iliumraie  this  dependence  of 
the  index  on  the  heat  transfer  coefficient,  let 
us  consider  the  results  reported  in  Reference 
BY.  A  graph  showing  the  thermal  shock  in¬ 
dex  was  constructed  by  finding  the  maximum 
temperature  at  which  a  material  could  be 
quenched  to  room  temperature  for  various  heat 
transfer  coefficients.  Figure  1-22  shows  this 


graph  in  which  maximum  temperature  is  plotted 
vs.  ah  for  representative  ceramic  materials. 
Although  these*  data  are  based  on  the  assump¬ 
tion  that  the  physical  nmper»u*«  remcir  con¬ 
stant,  they  do  confirm  the  results  reported  in 
Reference  54,  i.e.,  for  low  values  of  h,  beryllia 
is  superior  to  alumina,  whereas  for  high  values 
of  h,  the  converse  is  true.  It  should  be  noted 
that  the  author  has  obtained  similar  data  in 
investigating  actual  missile  radomes.  Analyses 
in  which  fused  silica,  Pyroceram,  alumina,  and 
beryllia  ceramics  were  studied,  resulted  in  tab- 


figure  l  -22.  Relative  Thermal  Shock  Resistance  of  Candidate  Reentry 
Redome  Materials  as  a  function  of  Thermal  Shoe  ft  Environment 
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illations  identical  to  those  predicted  by  Kip. 
1-22.  Although  this  figure  assumes  a  down- 
shock,  similar  curves  can  be  constructed  for  an 
up-shock  test.  The  use  of  conservative  values 
of  MOR,  i.e.,  values  several  standard  deviations 
below  the  mean  strengLh,  enhances  the  validity 
of  the  analysis. 

The  index  should  serve  only  as  a  guide  in 
investigations  of  materials  and  not  as  a  final 
criterion,  since  it  shows  the  general  behavior  of 
the  physical  properties.  Increases  in  wall  thick¬ 
ness,  thermal  expansivity,  and  Young’s  modulus 
increase  thermal  stress,  whereas  an  increase  in 
thermal  diffusivity  and  a  decrease  in  Poisson’s 
ratio  reduce  thermal  stress. 

Dimensional  stability  and  return  are  similar 
to  electrical  hysteresis  and  affect  the  radome 
structurally.  The  effects  of  fatigue  on  ceramic 


materials  arc  relatively  unknown  quantities, 
but  they  should  be  considered  for  radomes  that 
>re  subjected  to  many  pylon-mounted  captive 
flights,  where  a  gradual  decrease  in  strength 
could  cause  the  radome  to  fail  after  the  missile 
was  launched. 

The  characteristics  ol'  several  ceramic  ma¬ 
terials  are  illustrated  in  Figs.  1-23  and  1-24,  in 
which  these  materials  are  compared  on  the  basis 
of  maximum  inner-  and  outer-surface  tempera¬ 
tures  and  tensile  thermal  stress  at  the  inner  sur¬ 
face  for  a  specific  radome  design.  The  high 
thermal  diffusivity  of  beryllia  results  in  iden¬ 
tical  peak  inner-  and  outer-surface  tempera¬ 
tures,  Materials  having  the  least  thermal  dif¬ 
fusivity  exhibit  a  greater  difference  in  surface 
temperatures.  The  high  thermal  stress  in  the 
alumina  wall  is  primarily  caused  by  its  high 
thermal  expansivity. 


RADOME  TIP  RADIUS,  INCHES 


Figure  1-23.  Maximum  Surf  act  Temperature*  of  Radome  v*  Tip  Radii  for 
Several  Ceramic  Material $ 
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TABLE  1-2.  THICKNESSES  ilN.S  OF  ONE-HALF- WAVELENGTH  AND 
THIN-WALL  RADOMES  FOR  NORMAL  INCIDENCE 


(in.) 

12) 

Dl«l*ttrl(  Cftnitonl  j 

a 

4 

6 

1 

10 

12 

_ L - 

o  o 

r  ** 

v.vuiu 

A/2 

1.8907 

1.3411 

1.0906 

0.9483 

0.8482 

0.7743 

thin 

0.3793 

0.2682 

0.2181 

0.1897 

0.1696 

0.1649 

4.5 

2.6227 

X/2 

0.9273 

0.6657 

0.5363 

0.4636 

0.41 17 

0.3785 

thin 

0.1866 

0,1311 

0.1071 

0.0927 

0.0829 

0.0767 

9.0 

1.3113 

X/2 

0.4636 

0.3278 

0.2677 

0.2318 

0.2073 

0.1893 

thin 

0.0927 

0.0665 

0.0635 

0.0464 

0.0416 

0.0370 

18.0 

0.6667 

X/2 

0.2318 

0.1639 

0.1338 

0.1159 

0.1037 

0.0946 

thin 

0.0464 

0.0328 

0.0268 

0.0232 

0.0207 

0.0189 

36.0 

0.3278 

X/2 

0.1169 

0.0820 

0.0669 

0.0579 

0.0618 

0.0473 

thin 

0.0232 

0.0164 

0,0i34 

0.0116 

0,0104 

0.0095 

By  solving  this  equation  for  various  frequencies 
and  dielectric  constants,  the  data  in  Table  1-2 
can  be  obtained.  The  values  in  this  table  are 
representative  of  the  approximate  wall  thick¬ 
nesses  of  radomes  operating  from  S-  to  K,- 
bands*  and  of  materials  such  as  Teflon,  fused 
silica,  Pyroceram,  and  alumina.  It  is  apparent 
that  mechanical  thickness  decreases  as  fre¬ 
quency  and  dielectric  constant  increase.  For  a 
dielectric  constant  of  2  at  S-band,  thin  and  one- 
half-wavelength  radomes  are  both  mechanically 
thick. 

A  material  with  a  dielectric  constant  of  2  is 
structurally  adequate  in  the  one-half-wave¬ 
length  thickness  at  K„-band.  The  K„-band  thin 
wall  is,  however,  so  thin  that  it  is  not  struc¬ 
turally  suitable.  A  review  of  the  data  shows  that 
at  low  frequencies  a  wall  that  is  thin  electrically 
is  thick  mechanically  and  that  at  high  frequen¬ 
cies  the  one-half-wavelength  wall  is  also  thin 
mechanically.  At  very  high  frequencies,  the  thin 
wall  is  too  thin  to  be  used  as  a  structural  mem¬ 
ber.  Thus,  a  radome  can  be  thin  both  electrically 
and  mechanically  (as  it  is  at  X-band) ;  it  can 
be  thick  electrically  and  thin  mechanically  (I(- 
band)  ;  or  it  can  be  thin  electrically  and  thick 
mechanically  (S-band),  Unless  otherwise  noted, 
we  will  consider  that  the  radome  is  a  thin  elec- 


*  For  band  code  letters,  sec  Appendix  A,  Chapter  2. 


trical  wall;  for  the  high  frequencies  of  interest 
today,  this  implies  a  thin  mechanical  wall. 

1-2.3  AERODYNAMIC  CONFIGURATION 

The  shape  of  the  radome  is  determined  by 
the  requirements  associated  with  aerodynamic 
drag,  electrical  characteristics,  resistance  to 
rainfall,  and  thermully  induced  stresses.  Funda¬ 
mentally,  these  characteristics  depend  on  the 
radome  fineness  ratio.  A  high  fineness  ratio 
reduces  aerodynamic  drag  and  thermal  stress, 
but  it  increases  loss  and  boresight  error  deriva¬ 
tives,  The  radome  also  has  greater  resistance 
to  rainfall  when  its  fineness  ratio  is  high.  As 
was  shown  in  Paragraph  .1-1 .2.1,  the  effects  of 
these  factors  on  overall  missile  performance  are 
so  complex  that  it  is  impossible  to  derive  a 
simple  formula  for  choosing  the  optimum  shape. 
Extensive  studies  of  the  design  of  airborne  mis¬ 
siles  consistently  indicate  that  a  fineness  ratio 
of  from  2:1  to  3:1  represents  the  best  com¬ 
promise. 

For  any  given  fineness  ratio,  there  is  a 
radome  shape  for  which  aerodynamic  drag  is 
reduced  to  a  minimum.  This  shape  is  usually 
defined  by  the  pow’er  eurves  discussed  previ¬ 
ously.  The  radome  is  usually  blunted  to  reduce 
aerodynamic  drag  and  heating  of  the  tip.  A 
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power  shape  can  be  effectively  approximated  by 
several  ogival  sections  as  was  done  for  the 
radome  shown  in  Fig.  1-25.  This  radome,  which 
has  a  fineness  ration  of  2.0:1,  a  base  diameter 
of  12  in.,  and  a  tip  blunting  radius  of  1.5  in., 
will  be  used  in  comparing  the  characteristics  of 
one-half-wavelength  and  thin-wall  radomes. 

1-2.4  MATERIALS 

As  the  requirements  for  missiles  capable  of 
higher  velocities  and  operation  in  all  types  of 
weather  increase,  the  number  of  suitable  ra¬ 
dome  materials  available  becomes  more  and 


Figure  1  -25.  Radome  U ted  for  Electrical  Tests 


more  restricted.  High-speed  rain-erosion  tests 
that  were  sponsored  by  the  Naval  Air  Devel¬ 
opment  Center  and  that  are  reported  in  Chapter 
3  demonstrate  that  thin  sections  of  ceramic  ma¬ 
terials  can  withstand  such  erosion.  References 
6,  51,  and  68  through  61  contain  most,  of  the 
data  obtained  in  tests  of  thin-wall  ceramic 
radomes  made  of  Pyroceram  and  alumina. 
These  data  show  that  such  radomes  with  wall 
thicknesses  greater  than  0.082  in.  and  0.060  in., 
respectively,  can  withstand  the  impact  of  rain 
falling  at  the  rate  of  2  in./hr  with  a  mean  drop¬ 
let  size  of  2  mm  during  flight  at  velocities  rang¬ 
ing  from  2800  to  2900  ft/sec.  If  the  flight 
velocity  is  reduced  to  2000  ft/sec,  a  thickness 
of  0.050  in.  is  adequate.  Thus,  solid  walls  hav¬ 
ing  a  thickness  greater  than  these  values  can, 
as  a  rule,  withstand  rainfall.  As  reported  in 
Reference  51,  plastic  materials  erode  at  high 
rates  if  the  velocity  to  which  they  are  subjected 
is  supersonic.  At  the  high  temperatures  encoun¬ 
tered  during  supersonic  flight,  such  materials 
tend  to  char  or  their  dielectric  constant  becomes 
so  high  that  they  are  no  longer  usable. 

Thus,  ceramic  materials  or  ceramic-protected 
plastic  materials  are  the  best  for  thin-wall 
radomes.  The  choice  between  one-half-wave¬ 
length  and  thin  -wall  radomes  depends  primarily 
on  their  relative  merits  in  terms  of  such  factors 
as  electrical  transmission,  resistance  to  thermal 
stress,  and  weight.  Weight  becomes  significant 
at  X-band  frequencies  and  lower,  since  a  thin- 
wall  radome  weighs  80  to  85  percent  less  than 
one  with  one-half-wavelength  walls. 

1-2.5  ELECTRICAL 

»  When  placed  in  front  of  an  antenna,  an  ideal 
radome  causes  negligible  changes  in  the  an¬ 
tenna  pattern  and  only  minimum  losses  in  the 
energy  transmitted.  However,  an  ideal  radome 
cannot  be  realized  in  practice  because  the  phase 
and  amplitude  of  the  antenna  energy  are  a 
function  of  the  radome  material,  shape,  and 
electrical  thickness.  The  designer  of  a  thin- 
wall  radome  must  consider  such  electrical  fac¬ 
tors  as  transmission  and  reflection  losses, 
changes  in  phase,  boresight  error  derivatives, 
antenna  distortions,  and  broadband  perform- 


32 


ance.  Each  of  these  points  is  discussed  in  the 
following  paragraphs. 

Transmissibility,  i.e.,  the  ability  of  a  material 
to  transmit  energy,  is  one  of  the  critical  re¬ 


'J  « I*  Viliblltu 
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true  of  active  systems  in  which  a  decrease  in 
antenna  gain  must  be  considered  during  both 
the  transmit  and  receive  periods.  A  reduction  in 
signal  strength  is  manifested  primarily  as  a 
reduction  in  tracking  range.  The  greater  missile 
weight  and  electrical  power  that  are  needed  to 
overcome  this  disadvantage  impose  a  heavy 
penalty  on  the  overall  system  design.  The  loss 
in  antenna  gain  is  due  primarily  to  three  fac¬ 
tors:  phase  distortions  that  increase  antenna 
beamwidth,  reflection  losses,  and  transmission 
losses.  The  first  two  factors  are  discussed  apart 
from  transmission  losses  since  they  affect  other 
design  parameters.  A  fourth  cause  of  reduction 
in  antenna  gain,  attenuation  through  the  ra- 
dome,  can  be  neglected  since  the  loss  is  usu¬ 
ally  small,  even  for  thin  sections  of  plastic  ma¬ 
terials. 

In  Reference  7,  it  is  shown  that  for  tan  8 
<<  1,  the  attenuation  coefficient  is  approxi¬ 
mately  equal  to  0.6  tan  8.  Thus,  for  materials 
for  which  the  value  of  tan  8  is  less  than  0.001, 
the  attenuation  coefficient  is  less  than  0.06  per¬ 
cent. 


1-2.6  TRANSMISSION  LOSS 

The  transmission  loss  of  plane  sheets  has 
been  studied  extensively.  References  62  and  63 
present  transmission  data  for  materials  with 
dielectric  constants  ranging  from  1.2  to  10  for 
both  the  lossy  and  lossless  cases.  While  it  is 
primarily  of  use  to  the  designer  of  thick-wall 
radomes,  this  information  does  provide  a  means 
of  evaluating  th in-wall  radomes. 

Additional  information  on  two  ceramic  mate¬ 
rials  that  in  thin  sections  are  resistant  to  rain¬ 
fall  at  relatively  high  velocities  is  presented  in 
Figs.  1-26  through  1-29.  A  review  of  these  fig¬ 
ures  shows  that  transmission  losses  increase  as 
the  dielectric  constant  increases.  An  increase  in 
the  angle  of  incidence  causes  a  decrease  in  loss 
for  parallel  polarization,  but  an  increase  for 
perpendicular  polarization.  This  loss  is  greatest, 


however,  for  perpendicular  polarization.  Refer¬ 
ence  1  shows  that  for  very  thin  sections,  trans¬ 
mission  loss  increases  as  frequency  increases, 
but  that  as  the  thin  section  approaches  a  one- 

- II  it--  - t 1  -  J-  i 

vrrtU,  CJIC  U^pUOHC  lO  Li  UC. 

Reference  64  reports  the  study  of  transmission 
loss  for  C-,  X-,  and  K-bands  and  the  findings 
are  similar  to  those  of  Reference  1.  Reference 
64  shows  that  at  X-  and  C-bands,  adequate  per¬ 
formance  can  be  obtained  up  to  angles  of  inci¬ 
dence  of  60  to  60  degrees  for  thin  walls,  but 
that  in  the  K-band,  a  thin-wall  radome  is  not 
structurally  adequate  and  that  a  one-half-wave¬ 
length  wall  is  needed.  It  also  shows  that  loss 
increases  as  the  radome  temperature  increases. 
If  the  losses  due  to  attenuation  are  neglected, 
the  limiting  transmission  coefficient  for  a  thin- 
wall  radome  can  be  expressed  as : 

|T“|2  “  1  “  [^T  1 ~  (f  cos2  6  ~  8in“  *>]’ 

(MS) 

nr.  H  1  r  Wl  —  e)  d  "1“ 

*Tll-”l— L  cose  (1-H) 

Figure  1-30  presents  data  obtained  by  solving 
Equation  1-14  for  d/\„  when  ;Tj  -  is  equal  to 
90  percent.  These  data  permit  the  selection  of 
a  proper  wall  thickness  if  the  maximum  angle 
of  incidence  is  known. 

Reference  66  contains  measured  values  of 
transmission  losses  for  the  radome  shown  in 
Fig.  1-25  for  both  thin  and  one-half-wavelength 
thicknesses.  Figures  1-31  and  1-32  present 
measurements  at  X-band  for  the  E-  and  H- 
planes.  These  figures  show  that  loss  increases 
as  the  deviation  from  one-half -wavelength 
thickness  increases.  Figures  1-33  and  1-34  show 
the  measured  variation  in  transmission  loss  as 
the  frequency  varies  about  the  design  value. 
These  measurements  reveal  that  transmission 
loss  becomes  greater  as  the  radome  deviates 
from  the  ideal  half-wavelength  thickness.  As 
expected,  the  greatest  loss  occurs  through  the 
pointed  section  of  the  radome.  Note  that  a  thin- 
wall  radome  is  equivalent  to  one  that  is  one- 
half  wavelength  thick  increased  by  the  dimen¬ 
sion  of  the  thin-wall  radome. 
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POWER  TRANSMISSION  COEFFICIENT 
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Flgura  I -27.  Power  Trantmittion  Coefficient  for  Pyroceram 
/Perpendicular  Polarization) 
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Figura  1-29.  Powr  Trantmlttlon  Catfflcitnl  tor  Alumina 
(Puponditohr  Polarization) 
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1-2.7  REFLECTION  LOSS 


the  reflection  coefficient  is  approximated  by 


Since  a  thin-wall  radome  does  not  have  zero 
thickness,  its  reflection  coefficient  can  approach 
zero  but  never  be  equal  to  it.  Thus,  for  an  active 
system  in  which  reflection  of  energy  from  the 
inner  surface  of  the  radome  is  not  desired,  since 
it  can  cause  antenna  mismatch  and  a  change  in 
the  frequency,  the  wall  must  be  designed  to 
minimize  internal  reflections.  It  has  been  pre¬ 
viously  shown  that  the  limiting  thickness  is 
determined  by  the  perpendicular  polarization. 
Since  the  lossless  conditions  are  assumed  in 
Eqs.  1-13  and  1-14  and  the  law  of  conservation 
of  energy  for  these  conditions  is 

|T|*  +  |B|»  =  1 
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cos  0  A,, 


(1-15) 


It  is  apparent  that  the  amplitude  and  power 
reflection  coefficients  are  proportional  to  the 
thickness  and  to  the  thickness  squared,  respec¬ 
tively.  Thus,  for  a  low-reflection  radome,  either 
the  dielectric,  constant  must  be  small  or  the 
radome  wall  must  be  thin. 


Figure  7-30.  Thlckness/Free-Space  Wavelength  vs  Dielectric  Comlant  for 
Various  Angles  of  Incidence  and  RjJ'  Equal  to  90  Percent 
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1-2.8  PATTERN  DISTORTION 


a  radome  with  a  high  fineness  ratio  distorts  the 
near-field  antenna  pattern  because  of  differen¬ 
tial  phase  distortion  through  various  sections  of 
the  radome.  This  distortion  manifests  itself  as 
a  change  in  the  far-field  antenna  pattern.  Fig¬ 
ures  1-85  and  1-36  are  patterns  obtained  with 
radomes  having  the  contour  shown  in  Fig.  1-25 
and  having  various  wall  thicknesses.  All  pat¬ 
terns  were  obtained  at  zero  look  angle  and  at 
X-band.  Table  1-3  presents  the  data  reduced 
from  these  figures.  It  can  be  seen  that  the  beam- 
width  and  Bidelobe  level  increase  as  the  wall 
deviates  from  zero  or  one-half-wavelength 
thickness. 


tions  have  been  found  to  be  negligible  up  to 
angles  of  incidence  of  50  degrees,  beyond  this 
point,  phase  changes  rapidiy  and  a  tnin-waii 
radome  is  no  longer  desirable.  Reference  66 
shows  that  for  a  thin-wall  radome,  the  phase 
difference  between  the  perpendicular  and 
parallel  polarizations  can  be  approximated  by 


~r  e-~r  a—  sin'J  0  (M7) 

\|j«  cos  0 


The  insertion  phase  difference  for  the  individual 
polarizations  can  be  shown  to  be 


Trd  (e  —  1 ) 


\o  cos  0 


(1-18) 


1-2.9  VARIATIONS  IN  PHASE 


For  boresight  radomes,  the  variations  in 
phase  must  be  kept'  to  a  minimum.  Such  varia- 
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(1-19) 
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Figure  1  -31 .  E-P lane  Transmission  lass  vs  Offs •»  Angle  for  Varloue 
Wall  Thleknette s 


Figure  1-32.  H-Plane  Trantmlttl  on  Lott  vt  O  If  tot  Angle  for  Varlout 
Wall  Thlcknetiet 


Figure  1  -33.  H-Plane  Trantmitslon  Lott  vt  Offtef  Angle  al  Varlout 
Frequenclet  for  Radome  with  Half-Wavelength  Wall  Thieknett 
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1-2.10  BANDWIDTH 

It  is  interesting  to  note  that  using  a  thin 
wall  is  a  means  of  obtaining  a  radome  that  can 
operate  at  several  frequencies.  For  example, 
a  radome  designed  for  a  one-half-wavelength 
thickness  at  K„-band  is  thin  at  X-band  and  very 
thin  at  C-  or  S-bands.  Thus,  an  electrically  thin 
wall  permits  the  use  of  the  same  radome  at  any 
frequency  below  that  at  which  it  is  electrically 
thin,  since  performance  improves  as  frequency 
decreases.  This  situation  is  somewhat  analo¬ 
gous  to  that  for  one-half-wavelength  radomes, 


where  a  radome  is  designed  as  a  one-half-wave¬ 
length  radome  at  X-band.  This  same  wall  is  full 
wave  at  K, ,-band  and  two  wavelengths  thick  at 
K„-band.  Note,  however,  that  in  this  case,  per¬ 
formance  tends  to  become  less  satistactory  as 
the  frequency  increases.  These  two  design  meth¬ 
ods  can  be  used  for  the  two-  and  three-band 
performance  that  will  be  required  of  future 
radomes;.  Reference  64  shows  the  effect  of  a 
change  in  frequency  on  transmission  and  phase. 
For  a  wall  0.030-in.  thick  and  operation  at  C- 
band,  the  electrical  performance  docs  not  vary 
appreciably  over  a  clO-percent  frequency  band. 
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Similar  results  were  found  for  a  wall  0.0.25-in, 
thick  at  X-band.  At  K„-band,  the  thin  wall  is 
not  acceptable  structurally  unless  the  dielectric 
constant  is  very  small.  Table  1-2  indicates  that 
a  thin  wall  would  not  be  acceptable  at  frequen¬ 
cies  greater  than  18  gc.  For  frequencies  above 
this  general  range,  a  one-half-wavelength  wall 
must  be  used  and,  as  reported  in  Reference  G4, 
the  bandwidth  is  limited  to  between  2  to  2.5 
percent..  Similar  data  can  be  obtained  by  cross 
plotting  Fig.  1-30  or  by  using  Tables  5-2 
through  5-19  in  Reference  1,  which  show  this 
same  trend.  Satisfactory  performance  can  be 


obtained  with  thin  walls  at  frequencies  below 
X-band  and  at  angles  of  incidence  of  less  than 
60  degrees.  At  higher  frequencies,  each  design 
must  be  evaluated  separately  to  determine  if  a 
thin  or  2  cnc-half-WttveleMglh  waii  is  more 
desirable. 

1-2.1 1  FORESIGHT  ERROR  AND  DERIVATIVES 

Besides  transmitting  electromagnetic  energy 
with  a  minimum  loss  due  to  reflection,  absorp¬ 
tion,  and  pattern  distortion,  the  radome  should 
have  minimum  effect  on  the  direction  in  which 
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Figure  I  -36.  Effect  of  Radome  Wall  Thicknett  on  H-Plane  Antenna  Pattern 
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the  energy  is  propagated.  Boresight  error  re¬ 
sults  from  complex  electromagnetic  interactions 
of  the  radome,  antenna,  and  missile  fuselage. 
Other  contributing  causes  include  variation  in 
the  angle  of  refraction  and  in  ihe  transmission 
coefficients  of  the  antenna  signal  because  of 
depolarization  of  the  energy  by  the  radome. 
Boresight  error  and  its  derivatives  increase  as 
the  radome  fineness  ratio  increases  and  as  the 
radome  wall  deviates  from  the  optimum  one- 
half-wavelength  thickness.  The  electrical  ra¬ 
dome  thickness  must,  therefore,  be  accurately 
controlled  to  keep  these  errors  to  a  minimum. 
In  fact,  these  derivatives  impose  a  closer  toler¬ 
ance  requirement  than  does  the  overall  trans¬ 
mission  loss.  Tests  of  hemispherical  and  of 
half-wavelength  and  thin-wall  radomes  show 
that  boresight  error  slopes  are  greater  for  thin- 
wall  radomes  (0.01  vs.  0.04  deg/deg).  Tests 
conducted  at  the  Hughes  Aircraft  Company,  in 
which  an  ogival  radome  with  a  fineness  ratio 
of  2.0  was  used,  show  that  at  X-band  frequen¬ 
cies,  these  errors  increase  with  thickness.  For 
a  ratio  of  antenna  diameter  to  free-space  wave¬ 
length  of  7.35,  the  maximum  boresight  error 
derivative  for  a  radome  with  a  constant  wall 
thickness  was  found  to  be  0.032  deg/deg,  a 
value  that  compares  favorably  with  that  of 
0.034  deg/deg-  predicted  on  the  basis  of  Fig. 
1-21.  For  these  same  parameters,  t/d  =  2.0  and 
d/Xo  ==  7.86,  it  has  been  found  that  the  error 
derivatives  are  0.065,  0.12,  and  0.13  deg/deg 
for  wall  thicknesses  of  0.010,  0.050,  and  0.070 
in.,  respectively. 

1-2.12  WALL  THICKNESS  TOLERANCES 

The  effect  of  wall  thickness  tolerance  is  dis¬ 
cussed  in  References  7  and  64.  It  has  been  shown 
that  a  tolerance  of  +0,003  in.,  a  value  that  can 
be  maintained  during  fabrication,  is  acceptable 
for  thin-wall  radomes.  Because,  however,  each 
radome  is  subject  to  a  different  range  of  angles 
of  incidence  and  varying  requirements  for  bore- 
sight  error  derivatives  and  transmission  loss, 
no  general  rule  can  be  given  for  wall  thickness 
tolerance. 

1-2.13  AERODYNAMIC  HEATING  AND 
THERMAL  STRESS 

The  temperatures  and  thermal  stress  experi¬ 
enced  by  a  radome  depend  on  the  material  of 


which  it  is  made.  Since  both  Pyroceram  and 
alumina  have  shown  resistance  to  rainfall  at 
high  velocities,  these  materials  will  be  used  to 
illustrate  the  differences  between  thin-wall  and 
one-haix-waveiength-waii  ceramic  radomes.  The 
radome  shape  shown  in  Fig.  1-25  will  be  used; 
however,  the  .tip  radius  and  wall  thickness  will 
be  different. 

The  thermal  studies  discussed  in  Paragraph 
1-1.2.2  indicate  that  the  peak  temperature  oc¬ 
curs  at  the  stagnation  point  and  that  it  then 
gradually  decreases  along  the  axis  of  the  radome 
until  the  region  of  turbulent  flow  is  reached, 
where  it  again  rises  but  only  to  a  value  less 
than  that  at  the  stagnation  point.  Temperatures 
beyond  this  region  decrease  toward  the  aft  end 
of  the  radome.  These  studies  also  reveal  that 
at  any  point  on  the  radome  axis,  the  variation 
in  temperature  around  the  circumference  is 
negligible  xirhen  compared  with  the  variation  at 
different  axial  positions.  These  temperatures 
produce  thermal  gradients  radially  through  the 
radome  wall  that  vary  as  the  peak  temperature 
varies.  Studies  have  shown  that  the  maximum 
thermal  gradient  occurs  through  the  radome 
wall  and  that  it  presents  the  major  structural 
limitation.  The  axial  and  circumferential  gra¬ 
dients  are  negligible  in  comparison  with  the 
radial  gradient. 

Heat  transfer  rates  at  any  point  on  the  ra¬ 
dome  depend  on  the  Mach  number  history  of 
the  missile,  which  in  turn,  depends  on  missile 
weight,  configuration,  impulse,  trajectory^  and, 
for  air-launched  missiles,  on  the  capabilities  of 
the  launching  aircraft.  The  following  Mach 
number  histories  have  been  assumed  to  be  repre¬ 
sentative  of  hypersonic  velocities: 

Case  1.  Snap-up  trajectory,  43,000-  to 
65,000-ft  altitude,  Mach  2.0  launch 
to  a  peak  of  Mach  5.1  after  40 
sec,  deceleration  to  Mach  4.5  after 
60  sec. 

Case  2.  Snap-down  trajectory,  70,000-  to 
60,000-ft  altitude,  Mach  4.0  launch 
to  a  peak  of  Mach  6.9  after  6  sec, 
deceleration  to  Mach  4.4  after  60 
sec. 

In  the  thermal  analysis  based  on  the  methods 
given  in  Reference  21,  an  initial  temperature 
was  assumed  that  depends  on  the  particular 
trajectory  employed.  It  is  to  be  noted,  however, 


that  only  the  actual  temperatures  depend  on 
this  value  and  that  thermal  gradients  are  rela¬ 
tively  independent  of  the  initial  temperature 
since  the  recovery  temperature  is  high. 

Although  P«roc?rsni  snd  both 

hibit  similar  surface  temperature  profiles,  they 
are  significantly  different  from  the  standpoint  of 
thermal  gradients.  Figure  1-37  compares  Pyro- 
ceram  and  alumina  radomes  having  one-half¬ 
wavelength  and  one-twelfth-wavelength  thick¬ 
ness,  respectively,  at  X-band.  Peak  temperatures 
depend  on  wall  thickness,  but  are  similar  for 
the  two  materials  of  the  same  thickness.  The 
thermal  gradients  are  greatest  for  the  one-half - 
wavelength  Pyroceram  radome  since  its  thermal 
diffusivity  is  significantly  less  than  that  of 
alumina.  In  the  thin-wall  radome,  the  thermal 
gradients  are  similar  because  the  thin  wall  tends 
to  override  the  effect  of  thermal  diffusivity. 
Note  that  temperatures  approximately  300°F 
higher  occur  with  the  thin  wall  because  of  its 
lesser  thermal  capacity.  Thus,  in  a  thin-wall 
radome,  the  thermal  gradients  re  less  but  the 
operating  temperature  of  the  radome  simultane¬ 
ously  increases. 

Thermal  stress  varies  as  a  function  of  posi¬ 
tion  along  the  radome  axis.  Maximum  stress 
occurs  at  the  tip  or  stagnation  point  and  de¬ 
creases  aft  of  this  point.  If  the  missile  is  accel¬ 
erating,  its  outer  surface  heats  up  rapidly  and 
a  thermal  gradient  is  produced  through  the 
radome  wall  that  causes  a  tensile  stress  on  the 
inner  Surfacfe  and  a  compressive  stress  on  the 
outer  surface  that  is  less  than  the  tensile  stress. 
If  the  missile  is  decelerating,  the  outer  surface 
becomes  cooler  and  undergoes  tensile  Btreas 
while  the  inner  surface  undergoes  compression. 
Since  the  rate  of  acceleration  is  usually  at  least 
an  order  of  magnitude  greater  than  that  of 
deceleration,  peak  stress  occurs  during  accelera¬ 
tion.  Therefore,  maximum  tensile  stress  occurB 
on  the  inner  surface.  Aa  was  shown  in  Para¬ 
graph  1-1.2.2,  the  tip  area  defines  the  structural 
limits  of  the  radome  since  tensile  thermal  stress 
at  any  other  point,  including  the  attachment 
area,  is  not  as  severe. 

Inner-surface  tensile  thermal  stress  as  a  func¬ 
tion  of  flight  time  for  the  thin-wall  (one- 
twelfth-wavelength)  and  one-half-wavelength 
Pyroceram  and  alumina  radomes  is  shown  in 
Fig.  1-38.  These  radomes  were  assumed  to  have 
the  Mach  number  history  previously  described 
as  Case  2 ,  modified  to  a  launch  Mach  number 


of  3.0.  In  both  cases,  the  radomes  made  of 
alumina  were  subjected  to  more  severe  stresses. 
These  data  also  show  the  relationship  of  the 
stresses  to  the  acceptable  design  values  for  the 
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ceram  and  alumina,  respectively).  The  maxi¬ 
mum  stresses  for  both  of  the  one-half -wave- 
length  radomes  are  approximately  three  times 
greater  than  the  design  limit,  whereas  those  for 
the  thin-wall  radomes  are  less  than  this  limit. 

Ao  shown  in  Fig.  1-39,  tensile  thermal  stress 
at  the  stagnation  point  (the  inner  surface  of 
Pyroceram,  and  alumina  radomes)  decreases  as 
the  radius  increases.  It  can  be  seen  that  for  any 
trajectory,  the  stress  on  thin-wall  radomes  is 
appreciably  less  than  that  on  one -half -wave¬ 
length  radomes.  Figure  1-39A  is  based  on  the 
Mach  number  history  described  as  Case  1, 
whereas  Fig.  1-39B  is  based  on  the  Mach  num¬ 
ber  history  for  Case  2.  The  acceleration  rates 
for  Case  1  and  Case  2  are  Mach  0.08  per  sec  and 
Mach  1.0  per  sec,  respectively.  Therefore,  a 
tenfold  increase  in  acceleration  causes  approx¬ 
imately  a  thirtyfold  increase  in  tensile  thermal 
stress.  Figure  1-40  presents  data  for  the  stand¬ 
ard  radome  with  the  Mach  number  history  for 
Case  2  and  various  initial  launch  velocities.  The 
stress  on  both  the  one-half -wavelength  and  the 
thin-wall  radomes  increases  as  the  launch  ve¬ 
locity  increases,  although  that  on  the  thin-wall 
radome  is  much  less. 

The  use  of  an  ablative  cover  reduces  thermal 
stresses  to  acceptable  design  values.  It  also  pro¬ 
tects  a  blunted  thin  nose  if  rainfall  Bhould  be 
encountered.  Since  the  maximum  velocities  for 
most  types  of  missiles  are  encountered  at  high 
altitudes,  wheri  such  a  cover  is  required  to 
re  luce  thermal  stress,  the  use  of  a  slightly 
thicker  cover  will  provide  material  for  use  as  an 
erosion  shield  in  snap-down  attacks  in  which 
rainfall  may  be  encountered.  Conversely,  at  low 
altitudes,  where  rainfall  is  expected,  the  veloci¬ 
ties  are  lower  and  the  ablation  rate  becomes 
lower  because  of  greater  drag  and  the  conse¬ 
quent  reduction  in  velocity.  Here  a  substantial 
portion  of  the  cover  is  available  for  use  as  an 
erosion  shield.  The  details  of  the  design  of  such 
a  cover  are  presented  in  Reference  21.  As  shown 
in  Fig.  1-25,  the  cover  extends  along  the  axis  of 
the  radome  for  several  inches ;  the  actual  length 
depends  on  the  shape  of  the  radome,  the  Mach 
number  history,  radome  material,  and  the  axial 
stress  gradient  that  is  permitted.  The  cover  is 
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thickest  at  the  tip  and  tapers  to  zero  thickness 
at  the  end,  Let  us  consider  the  conditions  used 
to  derive  Fig.  1-40  with  the  added  requirements 
of  maximum  stresses  of  5k  psi  and  6k  psi  for 
Pyroceram  and  alumina,  respectively.  The 
thickness  of  Teflon  required  is  shown  in  Fig. 
1-41.  It  can  be  seen  that  for  each  unit  increase 
in  launch  Mach  number,  the  thickness  of  the 
ablative  cover  must  be  doubled.  Such  covers 
have  been  used  on  missiles  and  have  demon¬ 
strated  their  reliability. 

1-2.14  STRUCTURAL 

A  review  of  the  loading  imposed  on  the  ra- 
dome  structure  shows  that  the  maximum 
stresses  due  to  aerodynamic  pressure  occur  at 
the  attachment  area  and  that  those  due  to  aero¬ 
dynamic  heating  occur  at  the  tip  of  the  radome, 
Investigations  show  that  the  loading  due  to 
thermal  stresses  exceeds  that  due  to  pressure 
distributions  by  at  .least  an  order  of  magnitude. 
Pressure  loading  depends  primarily  on  velocity, 
the  shape  of  the  radome,  its  location,  and  flight 
attitude,  If  the  angle  of  attack  is  not  zero,  un- 
symmetrical  pressure  loading  occurs  and  causes 


a  bending  moment  and  a  shear  load.  Such  loads, 
which  are  greatest  at  the  attachment  area,  are 
discussed  in  Paragraph  1-8.  The  many  works  of 
Timoshenko  arc  excellent  references  for  struc¬ 
tural  analyses  as  are  the  publications  of  the 
American  Society  of  Mechanical  Engineers 
( ASME) .  A  designer  of  thin-wall  radomes  must 
consider  the  effect  of  acoustic  noise  that  can 
originate  in  the  boundary  layer  adjacent  to  the 
wall  or  from  a  nearby  supersonic  aircraft.  The 
loadings  are  then  essentially  due  to  pressure 
and/or  vibration  and  can  cause  thin  sections 
made  of  brittle  materials  to  fail.  Paragraph  1-5 
describes  methods  of  calculating  loads  induced 
by  acoustic  noise.  Impact  with  foreign  objects, 
such  as  rainfall,  and  with  airborne  objects,  such 
as  birds  or  debris  from  prior  attacks,  is  a  seri¬ 
ous  problem  that  thin-wall  radomes  must  sur¬ 
mount.  As  is  shown  in  Chapter  3,  rainfall 
having  a  mean  droplet  size  of  2  mm  can  cause 
a  radome  to  fail  at  velocities  above  2000  ft/sec. 
Failure  due  to  the  last  two  causes  depends  on 
the  size  of  the  object.  If  the  radome  is  mounted 
on  the  exterior  of  an  aircraft,  small  particles 
of  gravel  may  be  thrown  against  it.  Hence,  high 
impact  strength  is  desirable. 
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Figure  1-3 S.  Peak  Inner  Surface  Tensile  Thermal  Stress  for  Radomes  with 
Wall  Thickness et  af  Ons-Half  and  One-Twelfth  Wavelength 
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(b)  CASE  2  MACH  NUMBER  HISTORY 

Figure  1-39.  Peak  Inner  Surface  Ten  tile  Thermal 
Siren  vs  Madame  Tip  Madlut  far  Two  Cases 


1-2.15  SIZE  LIMITATIONS 

Thin-wall  radomes  made  of  plastic  materials 
have  been  constructed  in  various  configurations, 
ranging  from  hemispherical  to  power  shapes. 
Base  diameters  vary  from  5  to  12  in.  and  fine¬ 
ness  ratios  as  high  as  2.5:1  are  common.  The 
ceramic  thin-wall  radome  has  not  been  investi¬ 
gated  extensively.  As  shown  in  Chapter  3,  small 
radomes  have  been  fabricated  in  thin  sections. 
Radomea  made  of  Pyroceram  9606  and  alumina 
have  been  built  in  the  shape  shown  in  Fig.  1-25. 
In  general,  the  size  of  a  thin-wall  radome  can 
be  the  same  as  that  of  a  solid-wall  radome,  i.e., 
a  maximum  lei>b.h  and  base  diameter  of  40  and 
20  in.,  respectively.  If  the  radome  is  made  of  a 
ceramic  material,  it  will  be  expensive  because 
of  the  length  of  time  required  for  grinding  and 
the  large  amount  of  material  that  is  wasted  in 
the  process. 

1-2.16  ATTACHMENT 

The  attachment  area  must  be  designed  to 
withstand  the  thermal  and  mechanical  loads 
that  will  be  imposed  on  it  and  to  provide  a 
hermetic  Beal  over  wide  ranges  of  external  pres¬ 
sure  and  temperature.  The  need  for  internal 
evacuation  or  pressurization  imposes  additional 
design  requirements.  A  thin-wall  radome  poses 
an  especially  difficult  problem  since  a  transition 
from  thin  to  thick  sections  takes  place  over  a 
short  length  at  the  aft  end  of  the  radome.  The 
problems  associated  with  the  methods  of  radome 
attachment  are  discussed  in  Paragraph  1-3. 

1-2.17  HANDLING 

Ceramic  materials,  especially  those  in  thin 
sections,  are  very  fragile  if  improperly  stored 
or  handled.  Small  radomes  usually  form  an  in¬ 
tegral  part  of  a  radar  system  and  are  attached 
to  it.  Thus,  the  means  usually  employed  to  pro¬ 
tect  the  assembly  also  protect  the  radome.  A 
radome  installed  on  the  aircraft  or  launcher 
can  be  protected  by  a  plastic  cover  in  the  shape 
of  a  paper  cup.  Such  a  cover  must  be  removed 
before  the  radome  is  used  and  reinstalled  if  the 
missile  is  not  fired.  Large  radomes,  which  do 
not  as  a  rule  form  an  integral  part  of  the  micro- 
wave  system,  must  be  stored  separately  and 
incorporated  in  the  system  when  required.  Since 
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auch  units  are  then  subjected  to  the  additional 
hazards  of  field  assembly,  appropriate  handling 
devices,  such  as  jigs,  tables,  and  hoists,  Bhould 
be  designed  and  used  to  minimize  the  possibility 
of  failure.  Although  thin  layers  of  ablative 
plastic  materials,  such  as  Teflon  or  polyethylene, 
afford  protection  from  minor  loadings,  a  metallic 
or  dielectric  cover  gives  the  best  protection. 

1-3  METHODS  OF  ATTACHING  CERAMIC 
RADOMES 

1-3.1  INTRODUCTION 

A  radar  system  usually  consists  of  two  basic 
components:  the  radome  at  the  forward  end 


of  an  aircraft  and  the  bulkhead  or  aircraft 
structure  at  the  aft  end.  The  two  components 
must  be  joined  bo  that  the  desired  atmosphere 
within  the  radome  is  maintained  throughout 
the  storage  life  of  the  system.  Radars  contain¬ 
ing  unsealed  free  gyroscopes  or  other  rotating 
devices  that  require  constant  pressure  loading 
are  usually  evacuated.  On  the  other  hand,  high- 
power  active  systems  must  be  pressurized  to 
prevent  electrical  breakdown.  Many  systems, 
however,  do  not  require  either  evacuation  or 
pressurization  but  are  operational  over  large 
pressure  ranges.  However,  all  radars  need  a 
hermetic  seal  that  not  only  serves  as  a  barrier 
to  moisture,  but  also  keeps  out  dust  and  other 
contaminants.  The  attachment  area  must,  there- 


49 


fore,  be  designed  to  withstand  the  thermal  and 
mechanical  loads  that  are  imposed  on  it  and  to 

urovide  a  reliahle  seal  ov»r  wid«  mncroa  nf  ay. 

ternal  pressure  and  temperature.  Studies  of 
various  missiles  revealed  that  the  greatest  me¬ 
chanical  loads  occur  at  the  attachment  area  be¬ 
cause  of  the  large  moment  about  the  radome 
center  of  pressure.  The  thermal  environment 
ranges  from  — 65°F  to  thousands  of  degrees 
Fahrenheit,  depending  on  the  trajectory  and 
Mach  number  history  of  the  missile  or  airplane. 
Since  the  radome  usually  experiences  the  most 
critical  aerodynamic  loading  at  maximum  tem¬ 
perature,  the  maintenance  of  the  internal  at¬ 


mosphere  of  the  radome  is  most  important  at 
this  time. 

In  Hoai(Vninn>  n  norlnwo  nHo  nVimAni  i*  *%*•»*♦■ 
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be  remembered  that  the  primary  objective  is  to 
attach  the  radome  to  the  base  of  the  antenna 
assembly  while  allowing  for  easy  access  to  com¬ 
ponents  within  the  radome  if  they  should  have 
to  be  adjusted  or  replaced.  Other  requirements, 
such  as  provision  for  sealing,  allowance  for 
differential  thermal  expansion,  and  resistance 
to  static  and  dynamic  loads,  are  secondary  con¬ 
siderations  and  should  not  be  allowed  to  add 
excessively  to  the  cost  of  the  design.  The  at¬ 
tachment  must  have  good  fatigue  strength  and 


figurt  1-41.  Thickness  of  Teflon  Ablallva  Cover  al  Tip  vt  Launch  Mach 
Number  for  Pyroctram  and  Alumina  Racfomes 
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resiliency  to  ensure  that  the  radome  will  have 
a  long  operating  life  and  to  protect  it  from 
vibrational  failures. 

If  metal-to-metal  seals  are  used,  galvanic  in¬ 
sulation  can  be  provided  by  means  of  an  appro¬ 
priate  sealant  or  adhesive.  The  use  of  rare  or 
unique  materials  should  be  avoided  since  they 
not  only  increase  cost  but  may  also  be  difficult 
to  obtain  during  times  of  national  emergency. 
The  designer  must  strive  to  provide  an  inex¬ 
pensive  lightweight  design  that  can  be  easily 
produced.  If  field  installation  is  required,  dimen¬ 
sional  tolerances  must  permit  rapid  removal  of 
the  radome  without  undue  use  of  shims  or  sim¬ 
ilar  adjustment  devices, 

1-3.2  TYPES  OF  ATTACHMENTS 

Attachments  are  usually  classified  as  chemical 
or  mechanical.  Chemical  attachments  involve 
such  processes  as  brazing  and  cementing,  where¬ 
as  with  mechanical  attachments,  such  as  clamps 
and  bolts,  no  adhesives  are  used.  Of  course,  an 
attachment  design  can  incorporate  the  best 
features  of  both  methods. 

Plastic  adhesives  are  adequate  if  bond  tem¬ 
peratures  less  than  400 °F  to  600°F  are  encoun¬ 
tered  for  extended  periods.  Short-term  use  at 
temperatures  exceeding  800° F  is  possible  if 
proper  adhesives  and  tolerances  are  employed. 
Ceramic  adhesives  are  available  that  extend  the 
use  temperature  from  1000°F  to  16Q0°F.  Braz¬ 
ing  is  limited  by  the  melting  point  of  the  brazing 
material,  while  true  mechanical  attachments  are 
limited  by  the  differential  expansion  between 
the  various  components.  If  properly  designed, 
such  attachments  can  be  used  at  temperatures 
beyond  the  use  range  of  adhesives  and  brazes. 

1-3.3  TYPES  OF  LOADING 

Before  considering  the  various  methods  of 
attaching  a  radome,  let  us  review  the  various 
loads  imposed  on  a  radome  while  in  operation. 
Figure  1-42  is  a  graphic  view  of  the  forces 
acting  on  a  radome.  The  directions  these  forces 
take  are  determined  by  many  factors.  This 
figure  is  a  free-body  diagram  for  an  evacuated 
radome  with  an  O-ring  seal  that  is  subjected  .o 
a  maneuver  while  the  aircraft  js  executing  a 
snap-down  attack.  These  forces  and  their  origin 
are  explained  in  the  following  paragraphs. 


1 -3.3.1  Aerodynamic  Forcer 

Aerodynamic  forces  are  due  to  the  buildup 
of  pressure  in  front  of  the  radome  At  «ro  angle 
of  attack,  only  the  normal  drag  force  is  present. 
However,  as  the  angle  of  attack  increases,  the 
force  no  longer  acta  along  the  radome  axis  but 
rather  off  to  the  side  of  this  axis;  the  angular 
position  of  the  vector  depends  on  the  angle  of 
attack,  If  this  force  is  resolved  into  a  Cartesian 
coordinate  system  coincident  with  the  radome 
axis  and  the  base,  the  vector  can  be  broken  into 
the  components  Fi„  the  drag  force  collinear 
with  the  radome  axis,  and  F*,  the  force  normal 
to  this  axis  that  applies  the  resolved  load  at 
the  center  of  pressure,  Note  that  Fi>  compresses 
the  radome,  while  FN  causes  bending.  For  the 
conditions  shown  in  Fig,  1-42,  this  loud  produces 
tensile  stress  on  the  upper  section  of  the  radome 
and  compressive  stress  on  the  lower  section. 
Other  aerodynamic  forces,  sucli  as  those  caused 
by  turbulence,  buffeting,  and  tumbling,  should 
also  be  considered  in  a  complete  analysis. 


Inertial  forces,  Ft;  depend  on  the  particular 
motion  executed  by  the  aircraft  or  missile.  If  the 
radome  is  moving  downward,  the  force  due  to 
inertia  acts  in  an  upward  direction.  The  force 
depends  on  the  weight  of  the  radome  and  the 
maneuvering  load  factor. 


As  defined  in  this  discussion,  pressure  load¬ 
ing  is  the  result  of  a  difference  In  pressure 
between  the  interior  of  the.  radome  and  its  ex¬ 
ternal  environment.  If  the  radome  is  evacuated, 
,  the  resultant  force,  Fi>,  acts  as  a  compressive 
force  at  the  tip  of  the  radome.  If  the  interior 
of  the  radome  is  pressurized,  the  force  tends  to 
cause  the  radome  to  become  separated  from  the 
attachment,  In  this  case,  which  is  illustrated  in 
Fig.  1-42,  the  designer  must  consider  the  effect 
of  temperature  on  the  internal  gas.  Since  this 
gas  expands  as  the  temperature  increases,  the 
differential  pressure  increases.  A  similar  in¬ 
crease  in  pressure  differential  occurs  as  th<  ilti- 
tude  increases. 

O-ring  loading  occurs  in  mechanical  attach¬ 
ments  where  an  O-ring  or  a  compressed  gasket 
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Figure  1 -42.  Fr*t>lody  Diagra 1  oF  Radom »  in  Flight 


is  used  to  effect  a  vacuum  or  pressure  seal.  This 
force,  Fo,  which  acts  along  the  radome  ax' ,, 
tendB  to  separate  the  radome  from  the  attacn- 
ment  ring.  The  magnitude  of  F0  depends  on  the 
chamfer  angle,  the  angle  at  which  the  radome 
meets  the  radome  base.  If  the  base  is  not  cham¬ 
fered,  Fo  ifl  equal  to  the  total  force  exerted  by 
the  ring  or  gasket ;  if  the  radome  is  chamfered, 
F0  must  be  multiplied  b.v  the  sine  of  the  chamfer 
angle  to  obtain  the  force  parallel  to  the  radome 
axis. 

1  -3.3.4  Vibrational  Force* 

The  vibration  encountered  produces  another 
force  that  is  similar  to  that  due  to  inertia.  The 
magnitude  of  this  force,  FT,  depends  on  the 
weight  of  the  radome,  the  amplification  factor, 
the  resonant  frequency,  and  the  power  spectral 
density  of  the  vibration.  Like  the  force  of  in¬ 
ertia,  this  force  actB  at  the  center  of  gravity. 

Differential  thermal  e.  pension  can  induce  ad¬ 
ditional  stress.  If  the  radome  is  attached  to  a 
material  having  a  coefficient  of  thermal  expan¬ 
sion  that  is  not  the  same  as  that  of  the  radome 
material,  tensile  and/or  compressive  stress  can 
result,  depending  on  the  design  of  the  attach¬ 
ment.  Therefore,  the  nutal  selected  for  the 
mounting  ring  Bhould  have  a  thermal  expansion 
that  is  compatible  with  the  thermal  expansion 
of  the  radome  ovur  the  required  temperature 
range.  For  high-temperature  applications,  the 
oxidation  resistance  of  the  metal  should  be  con¬ 
sidered.  If  a  free-floating  attachment  is  em¬ 
ployed  (Fig.  1-46D),  differential  expansion  does 
not  cause  stress  on  the  radome. 

Thermal  stress  induced  in  the  radome  wall  by 
aerodynamic  heating  of  the  outer  surface  of  the 
radome  must  also  be  considered.  During  accel¬ 


eration,  such  stress  is  compressive  on  the 
outer  surface  and  tensile  on  the  inner  surface. 
A  decelerating  missile  usually  undergoes  oppo¬ 
site  stresses. 

These  various  forces,  acting  in  different  com¬ 
binations  and  magnitudes,  determine  the  struc¬ 
tural  reliability  of  a  radome. 

1-3.4  TYPES  OF  STRESS 

Before  considering  the  various  methods  of 
attaching  n  radome,  let  us  review  the  basic 
types  of  stress  encountered.  Figure  1-43  repre¬ 
sents  thu  five  basic  mechanisms  causing  stress. 
If  the  stress  occurs  normal  to  the  bond  line  or 
along  the  axis  of  a  clamp,  it  produces  a  uniform 
tensile  or  compressive  load,  depending  on  the 
direction  of  the  loading.  Shear  loads  are  also 
distributed  over  the  complete  bond  area;  here 
the  stress  is  parallel  to  the  bond  line.  In  a 
cleavage  load,  one  side  experiences  either  little 
or  no  stress.  Thus  cleavage  joints  are  not  as 
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Figure  I  -43.  Type*  of  Joint  Loading 


strong  as  tensile  or  shear  joints.  Peel  loading, 
the  least  favorable  type  of  loading,  is  rarely 
encountered  in  high-temperature  attachments 
since  one  member  must  be  flexible.  It  can  occur, 
however,  in  combination  with  other  loads  if 
one  of  the  muterioU  >2  2  plastic  Ci  ductile.  In 
this  case,  only  the  edge  is  stressed  and  thus  a 
greater  percentage  of  the  bond  is  under  no  load 
and  does  not  contribute  to  the  strength  of  the 
joint. 

The  attachment  area  is  rarely  subjected  to 
pure  tension,  compression,  shear,  peel,  or  cleav¬ 
age  since  the  alignment  of  forces  varies  with  the 
time  that  this  area  is  subjected  to  stress.  If 
thick  sections  are  used,  a  combination  of  tensile, 
compression,  Bhear,  and  cleavage  is  encoun¬ 
tered.  If  one  section  is  thin,  a  peel  load  can  be 
introduced. 


1-3.5  ATTACHMENT  JOINTS 


adhesive  bonds  have  been  shown  for  clarity 
and  case  of  drawing,  all  except  the  butt  and 
thread  joint  can  be  made  by  using  rivets  or 
bolts  instead  of  adhesive.  However,  caution 
should  be  exercised  in  the  use  of  rivets  or  holts 
to  prevent  undue  stress  concentration. 

When  subjected  to  a  bending  load,  the  scarf 
joint  undergoes  tensile  or  compressive  and 
shear  stress.  As  the  scarf  angle  increases,  the 
bond  area  increases  and  the  shear  stress  is  dis¬ 
tributed  over  a  greater  area  while  tensile  stress 
diminishes.  The  scarf,  double  scarf,  butt  Bcarf, 
and  butt  lap  types  of  joint  have  the  advantage 
of  being  self-aligning  and  resist  tensile,  com¬ 
pressive,  torsional,  and  bending  stresses.  How¬ 
ever,  since  such  joints  require  machining,  they 
are  more  expensive  than  butt  joints.  The  double 
butt,  which  is  also  called  the  half-lap  or  inset 
butt,  the  butt  scarf,  and  the  butt  lap  joints  have 
sharp  comers  at  which  stress  is  concentrated 
if  ceramic  materials  are  joined. 


The  mechanical  equivalent  of  these  joints  is 
Configurations  that  the  joint  may  take  can  always  subject  to  concentrations  of  stress.  In 
be  grouped  into  six  categories:  butt,  lap,  strap,  this  case,  the  corner  and  edge  radii  should  be 
scarf,  thread,  and  clamp.  Examples  of  each  of  large  in  order  to  (Increase  such  concentration, 

these  types  are  shown  in  P'ig.  1-44.  Although  If  the  scarf  angle  is  reduced  to  zero,  a  butt  joint 


BUTT  LAP  SINGLE  STRAP 


DOUBLE  BUTT  BEVELED  LAP  DOUBLE  STRAP 


SCARF  OFFSET  LAP  BEVELED  STRAP 


OOUBLE  SCARF  DOUBLE  LAP  RECESSED  STRAP 


BUTT-LAP  THREAD  CLAMP 
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is  obtained,  As  a  rule,  this  type  of  joint  is  not 
satisfactory  since  it  is  not  self-aligning  and 
involves  a  small  bond  area  that  is  primarily 
under  tensile  nr  compressive  stress.  The  bull 
joint  is  of  little  value  in  attaching  thin-wall  sec¬ 
tions,  and  even  for  thick  walls  it  is  not  recom¬ 
mended  if  a  bending  load  is  expected.  If  the 
scarf  angle  is  increased  to  I&O  degrees,  the  lap 
joint  is  obtained.  This  joint  places  the  adhesive 
or  rivet  under  shear  stress.  It  has  the  disad¬ 
vantage  that  stress  concentrations  occur  at  the 
edges,  and  when  subjected  to  a  bending  load, 
it  puts  the  adhesive  under  cleavage.  The  offset 
lap,  which  is  also  known  as  the  joggle  lap,  and 
the  beveled  lap  were  developed  to  eliminate  con¬ 
centrations  of  stress  at  the  edges  of  the  joint. 
The  double  lap,  which  has  been  developed  to 
offset  local  bending  at  the  edge  of  the  joint, 
has  only  limited  applications  since  it  is  difficult 
to  ensure  equal  loading  of  the  two  members. 
Although  this  kind  of  joint  is  suitable  for  unit¬ 
ing  concentric  cylinders  of  different  thicknesses, 
it  requires  expensive  fixtures  to  retain  the  mem¬ 
bers. 

The  strap  joint,  which  is  an  adaptation  of  the 
lap  joint,  is  designed  to  offset  bending  loads. 
Since  the  beveled  double  strap  minimizes  edge 
loading,  it  is  preferred.  Since  shaping  the 
beveled  strap  requires  expensive  machining, 
this  type  of  joint  and  the  recessed  strap  joint 
are  both  expensive.  Although  a  double  strap  is 
shown,  a  single  strap  joint  has  been  used  in 
several  production  attachments.  One  version 
of  the  clamp  joint  is  shown  in  which  a  single 
sttap  is  used.  The  clamp  joints  are  designed  to 
place  the  materials  under  compressive  stress. 
Since  ceramic  materials  have  high  compressive 
strength,  such  joints  are  preferable.  However, 
they  are  not  desirable  if  the  shear  loading  and 
stress  concentration  at  sharp  corners  are  con¬ 
sidered.  A  threaded  joint  is  not  usually  used  for 
joining  a  ceramic  material  to  metal  since  ma¬ 
chining  a  thread  in  such  a  material  Is  expensive 
and  entails  a  great  deal  of  grinding,  It  is  useful 
if  combined  with  other  methods  of  attachments. 
As  will  be  show "  later,  the  flight  environment 
and  operational  requirements  rarely  permit  the 
use  of  these  simple  joints.  In  practice,  elements 
of  each  of  these  various  joints  are  combined  to 
achieve  a  reliable  and  inexpensive  design. 

Mechanical  analysis  of  the  various  types  of 
joints  is  encumbered  by  stress  concentration 
factors  and  by  the  combination  of  the  various 


stresses  previously  described.  If  information  on 
the  physical  properties  of  all  the  materials  of 
interest  is  available,  and  if  the  expected  loads 
and  environment  are  known,  this  information 
can  be  combined  with  the  failure  criteria  for 
the  materials  to  determine  the  stresses  that  will 
be  encountered.  References  67  and  68  present 
methods  for  evaluating  single  and  double  lap, 
butt,  and  scarf  joints.  Equations  defining  the 
stresses  in  lapped  brazed  joints  and  shrink-fit 
lap  joints  are  given  in  Reference  69. 

1-3.6  CHEMICAL  ATTACHMENTS 

Chemical  attachments  are  those  in  which 
plastic  or  ceramic  adhesives  or  metallic  brazes 
are  used  to  join  two  similar  or  dissimilar  ma¬ 
terials.  As  a  rule,  such  joints  are  vacuum  tight 
and  resist  penetration  by  moisture.  They  have 
the  advantage  of  completely  uniting  the  two 
parts  and  minimizing  stress  concentrations 
since  no  holes  for  bolts  or  rivets  are  needed 
nor  reentrant  machining,  such  as  is  required 
for  grooves  and  notches  for  clamping  devices. 
Reference  70  presents  a  summary  of  adhesive 
bonding  techniques  and  an  extensive  bibliogra¬ 
phy  on  this  subject. 

A  ceramic  can  be  bonded  to  a  metallic  mate¬ 
rial  by  using  the  active  metal  or  the  molyb¬ 
denum-manganese  technique.  In  the  uctive  metal 
process,  metals  such  as  titanium  or  zirconium 
bond  the  ceramic  to  a  metal  which,  in  turn,  is 
mechanically  attached  to  the  missile  or  aircraft 
fuselage.  Although  only  one  firing  is  needed  to 
obtain  the  proper  bonding,  this  process  has  the 
disadvantage  of  requiring  an  inert  atmosphere 
and  fixtures  for  alignment.  Also,  there  are  rela¬ 
tively  few  active  metals.  Therefore,  the  num¬ 
ber  of  discrete  firings  and  the  maximum  use 
temperatures  are  limited  to  the  active  metals 
available. 

In  the  molybdenum-manganese  process,  a  mix¬ 
ture  of  these  metals  in  the  form  of  a  fine  pow¬ 
der  is  fired  onto  the  ceramic  surface  and,  if  re¬ 
quired,  the  surface  is  plated  with  a  metal  that 
is  compatible  with  both  the  braze  to  be  used 
and  the  metallic  surface.  As  discussed  in  Refer¬ 
ence  71,  any  braze  material  can  be  used  with 
this  method.  Thus,  the  bond  may  have  a  use 
temperature  ranging  from  hundreds  to  several 
thousands  of  degrees  Fahrenheit,  depending  or. 
the  braze  material  employed.  This  process  re¬ 
quires  fixtures  and,  unlike  the  active  metal 
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process,  two  or  three  firings  are  needed,  de¬ 
pending  on  the  procedure  used. 

Ceramic  adhesives  can  be  used  not  only  to 
cement  metal  to  ceramics,  but  also  to  cement 
metal  to  metal  and  ceramic  to  ceiamic.  The  use 
of  such  adhesives  must  be  limited  to  structural 
members  because  of  the  long  periods  at  high 
temperature  Required  to  form  the  bond.  Thus, 
these  adhesives  can  be  used  to  seal  the  radome 
to  a  mounting  ring,  but  they  are  not  recom¬ 
mended  for  sealing  the  assembly  to  the  bulk¬ 
head  of  a  missile  guidance  system.  The  feasi¬ 
bility  of  using  cold-setting  ceramic  adhesives, 
such  r.8  Sauerisin  cement,  has  not  been  investi¬ 
gated  under  conditions  of  high  loading  and  high 
temperatures.  However,  such  adhesives  must 
be  included  in  a  study  of  bonding  agents.  For 
further  information  on  ceramic  adhesives,  see 
Final  Engineering  Report,,  Parts  I  and  II,  on 
Narmco’  Contract  AF  33(616)-8157  on  High- 
Temperature  Radome  Attachment  Techniques. 

Plastic  adhesives  are  either  thermosetting 
or  thermoplastic.  Thermosetting  adhesives, 
such  as  epoxy  or  phenolic,  are  excellent  if  used 
in  a  joint  that  is  subject  to  either  tensile  or 
shear  stress.  These  materials  readily  fail  if  sub¬ 
jected  to  peel  or  cleavage.  They  are  recom¬ 
mended  for  attachments  that  undergo  both 
static  and  dynamic  loading.  Thermoplastic  ad¬ 
hesives  are  also  highly  resistant  to  tensile  or 
shear  stress,  but  have  little  resistance  to  con¬ 
stant  loading  over  extended  periods  and  are 
not  recommended  if  an  oscillatory  load  is  ex¬ 
pected.  Rubber-based  or  elastomeric  adhesives 
are  best  if  used  as  sealants  rather  than  as  ad¬ 
hesives  since  they  offer  little  resistance  to  ten¬ 
sile  or  shear  loads  but  do  resist  peel  and 
cleavage.  As  a  rule,  the  addition  of  metallic 
oxide3  increases  the  high-temperature  strength 
of  an  adhesive,  but  also  usually  decreases  its 
strength  at  room  temperature! 

Chemical  joints  should  cover  large  areas  so 
that  stress  may  be  suitably  distributed  and 
should  be  placed  in  tensile  or  shear  stress  or 
in  a  combination  of  both.  Care  must  be  exer¬ 
cised  to  ensure  a  continuous  bond.  The  selection 
of  a  suitable  adhesive  and  the  proper  cleaning 
and  priming  of  the  adherents  will  result  in  a 
reliable  high-temperature  bond.  Aluminum,  for 
example,  is  attacked  by  an  alkaline  adhesive 
and  the  bond  fails.  If  the  manufacturer’s  recom¬ 
mendations  are  followed  regarding  tempera¬ 
ture  cycle  and  pressures  during  the  curing 


process,  gas  should  not  become  trapped  ir 
bond  joint.  Such  entrapment  can  cause  the  bond 
to  fail  at  high  temperatures  because  of  the 
formation  and  subsequent  explosion  of  gas  bub¬ 
bles.  The  adhesive  must  be  insensitive  to  light 
or  radiation  and  must  be  insoluble  ir.  crummy 
liquids  after  curing.  Reference  72  reviews  these 
factors  and  presents  a  detailed  list  of  adhesives 
and  their  specifications. 

1-3.7  MECHANICAL  ATTACHMENTS 

Mechanical  means  of  attachment  include  such 
devices  as  bolts  and  rivets  that  can  be  used 
instead  of  the  adhesive  joints  shown  in  Fig. 
1-44.  A  shrink-fit  attachment  is  desirable  if 
the  section  to  be  joined  is  short,  because  such 
an  attachment  subjects  the  ceramic  material 
to  high  compressive  stress  if  the  metal  ring  is 
external  to  the  ceramic.  This  type  of  attach¬ 
ment  cannot  be  used  at  temperatures  near  those 
employed  to  shrink  the  attachment  since  the 
two  materials  expand  and  separate  at  these 
temperatures.  If  the  metal  ring  does  not  cover 
the  ceramic  for  an  appreciable  distance  or  if  it 
is  not  tapered,  a  large  stress  concentration 
occurs  at  the  end  of  the  ring.  Thus,  this  method 
can  be  used  only  at  low  temperatures.  As  illus¬ 
trated  in  Fig.  1-44,  thd  use  of  clamp  joints  pre¬ 
sents  a  comple-:  design  problem  since  stress 
concentrations  result  from  the  notches  or  un¬ 
dercuts  required.  Although  mechanical  attach¬ 
ments  are  more  expensive  than  chemical  attach¬ 
ments,  they  are  preferable  in  certain  designs. 
Since  a  mechanical  design  requires  the  use  of 
O-rings,  gaskets,  or  elastomeric  sealants  if  a 
pressure  or  vacuum  seal  is  needed,  such  a  de¬ 
sign  is  costly.  When  combined  with  a  chemical 
lap  joint,  a  clamp  attachment  is  usually  em¬ 
ployed  to  join  large  airborne  radomes  to  the 
aircraft.  It  has  been  also  used  to  seal  relatively 
large  evacuated  guidance  units  when  evacua¬ 
tion  tubes  are  not  desired  or  when  evacuation 
would  require  a  long  pumping  time.  An  exam¬ 
ple  of  such  an  attachment  is  shown  in  Fig. 
1-46D  and  is  discussed  in  the  next  paragraph. 

1-3.8  DESIGN  EXAMPLES 

The  electrical  thickness  of  the  wall  of  most 
high-velocity  radomes  is  one-half  wavelength. 
Thus,  most  experience  has  been  gained  in  de- 
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Figure  I  -45.  Chemical  Attachment! 


signing  attachments  for  radomes  with  this  wall 
thickness.  As  stated,  these  attachments  can  be 
either  chemical  or  mechanical.  In  early  methods 
of  radome  attachment,  the  two  structures  were 
joined  mechanically  and  the  advent  of  reliable 
structural  adhesives  and  brazing  techniques  en¬ 
couraged  the  use  of  these  methods.  Thuu,  most 
radomes  in  operational  use  today  use  chemical 
attachments.  Figure  1-46  illustrates  several 
methods  of  radome  attachment  based  on  these 
methods.  Figure  1-46A  shows  an  adaptation 
of  the  butt  lap  joint.  The  radome  is  centered 
on  the  mounting  ring  by  filling  the  adhesive 
with  glass  spheres.  Although  this  procedure  re¬ 
sults  in  a  reliable  joint  for  small  radomes,  its 
use  with  larger  structural  units  is  limited  by  the 
area  available  for  bonding.  The  design  shown 
in  Fig.  1-45B  is  a  version  of  the  scarf  joint; 
it  provides  more  bonding  area  and,  therefore, 
greater  strength  with  only  a  minimum  increase 
in  the  length  of  the  joint.  These  two  methods  of 
attachment  are  relatively  inexpensive;  how¬ 
ever,  they  are  not  reliable  if  the  radome  tem¬ 
perature  exceeds  600°F. 

The  metallic  inner  ring  is  usually  made  of 
aluminum  or  magnesium  in  order  to  reduce 
weight.  Failure  can  occur  at  temperatures  in 
the  range  of  600°  to  1000°F  because  of  differ¬ 
ential  thermal  expansion ;  however,  as  reported 
in  Reference  73,  this  condition  can  be  relieved 
if  the  ring  is  slotted  axially.  Although  the  bond 


can  be  achieved  by  using  metallic  brazes,  the 
internal  ring  limits  the  brazing  temperature  to 
values  sufficiently  low  so  that  differential  ex¬ 
pansion  will  not  cause  fracture  during  brazing. 
The  design  of  the  external  ring  shown  in  Fig. 
1-46C  minimizes  such  expansion  and,  if  the 
fit  is  proper,  this  ring  can  be  used  to  put  the 
ceramic  under  a  compressivo  load.  This  ring, 
which  is  usually  made  of  Kovar,  or  of  a  similar 
low-expansion  metal,  is  as  thin  as  possible  to 
allow  for  deflection  and  differential  expansion. 
If  the  ring  is  tapered,  the  stress  concentrations 
at  the  end  of  it  that  result  from  a  bending  load 
are  minimized.  This  design  is  not  subject  to 
failure  during  bonding.  Thus,  the  maximum 
use  temperature  1b  limited  by  the  choice  of  braz¬ 
ing  material  and  the  strength  of  the  joint  at 
high  temperatures.  Figure  1-45D  shows  the  use 
of  a  low-expansion  ring  on  the  inner  surface. 
This  design  can  be  fabricated  if  the  ring  is  thin 
enough  to  permit  deflection  during  brazing.  It 
is  not,  however,  recommended  for  high-velocity 
missiles  because  of  its  poor  structural  relia¬ 
bility.  Although  structurally  reliable  attach¬ 
ments  using  a  low-expansion  material  can  be 
designed,  they  become  excessively  expensive 
because  of  the  cost  of  such  a  material. 

Since  hollow  cylindrical  shapes  having  the 
required  dimensions  are  not  usually  available, 
both  the  internal  and  external  rings  must  be 
machined  from  a  solid  bar  or  plate  and  thus 
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become  more  expensive.  Because  the  mounting 
ring  must  in  turn  be  attached  to  another  metal 
ring,  the  unequal  expansion  of  these  rings 
causes  additional  design  problems. 

It  should  be  noted  that  the  strength  of  many 
low-expansion  metals  decreases  rapidly  at  high 
temperatures  and  that  a  perfect  expansion 
match  is  not  possible  over  a  wide  range  of  tem¬ 
peratures.  A  point  often  overlooked  is  the 
hysteresis  effect  of  temperature  on  the  coeffi¬ 
cient  of  thermal  expansion.  If  the  temperature 
increases  beyond  a  specific  value,  the  low-expan¬ 
sion  coefficient  of  the  material  increases,  de¬ 
pending  on  the  number  of  temperature  cycles. 
This  is  a  consideration  of  prime  importance  if 
the  attachment  is  to  be  used  for  a  pylon-mounted 
air-to-air  or  air-to-ground  missile  carried  by  a 
supersonic  aircraft.  Another  version  of  the 
butt  lap  joint  is  shown  in  Pig.  1-45E.  It  is 
superior  to  that  in  Fig.  1-45C  since  it  provides 
a  reinforced  plastic  overwrap  that  is  applied 
under  a  large  tensile  load.  Thus,  when  com¬ 
pleted,  this  overwrap  not  only  applies  a  com¬ 
pressive  load  to  the  radome,  but  also  acts  as  an 
insulating  cover  that  reduces  the  temperature 
and  hence  the  amount  of  differential  thermal 
expansion.  Attachments  similar  to  those  shown 
in  Figs.  1-15C  and  1-45E  have  been  investigated 
for  use  with  missiles.  (See  Reference  74.) 

The  overwrap  is  usually  made  of  glass  mono¬ 
filament  or  roving,  but  it  can  be  fabricated  from 
fiberglass  preforms  if  no  preload  is  desired. 
In  several  systems  now  in  production,  alternate 
layers  of  preform  and  wrap  are  used.  Attach¬ 
ments  employing  such  an  overwrap  can  fail 
through  the  wrap  at  the  butt  joint  when  sub¬ 
jected  to  heavy  dynamic  loads  or  shocks,  and 
the  strength  of  the  overwrap  decreases  as  the 
temperature  increases.  An  example  of  the  dou¬ 
ble  lap  attachment  is  shown  in  Fig.  1-45F.  The 
primary  advantage  of  this  design  is.  the  two¬ 
fold  increase  in  bonding  area  that,  it  provides. 
Note  that  if  the  two  outer  members  are  not 
subjected  to  equal  stresses,  this  advantage  is 
not  realized. 

This  design  can  also  be  used  to  mount  "A” 
sandwich  radomes  since  it  docs  not  dei>end  on 
the  core  structure  for  bonding.  It  can  also  be 
employed  for  mechanical  attachment  if  bolts 
are  used  instead  of  adhesive.  If  the  holes  in  the 
radome  arc  mude  oversize  nnd  if  an  elastomeric 
adhesive  is  used,  the  bolts  subject  the  radome 
material  to  compression  Out  do  not  decrease  its 


structural  reliability  through  stress  concentra¬ 
tions  since  they  are  not  in  contact  with  the 
radome  wall.  All  of  these  attachment,  methods 
offer  a  means  of  joining  the  radome  to  the  aft 
structure  and  are  suitable  for  use  where  a  con¬ 
trolled  internal  atmosphere  is  desired  since  they 
provide  a  vacuum  seal.  Appendix  3  in  Reference 
71  and  Reference  75  present  detailed  analyses 
of  various  forms  of  the  double  lap  attachment 
shown  in  Fig.  1-45F.  This  type  of  attachment 
has  been  analyzed  and  tested  at  temperatures 
exceeding  1000°F  and  should  be  considered  in 
designing  large,  high-velocity  ceramic  radomes. 

Clamps,  such  as  those  shown  in  Figs.  1-46A 
and  B,  can  be  used  on  very  large  radomes  since 
they  can  be  segmented  and  placed  at  specific 
points  along  the  circumference  of  the  radome 
to  distribute  the  load.  They  permit  rapid  assem¬ 
bly  and  disassembly  of  the  attachment  and  if 
they  are  designed  to  include  an  O-ring  seal,  the 
internal  pressure  can  be  controlled.  Figure 
1-46C  shows  a  type  of  clamp  that  requires  a 
groove  in  the  radome  wall.  The  radius  of  this 
groove  must  be  large  to  prevent  heavy  stress 
concentrations  when  a  bending  load  is  applied. 
This  attachment,  which  is  designed  to  be  free 
floating,  imposes  no  stress  on  the  radome  be¬ 
cause  of  differential  thermal  expansion  since  the 
metal  is  not  in  contact  with  the  radome  except 
at  the  snap  ring,  which  imposes  only  a  New¬ 
tonian  drag  force  as  the  two  materials  slide 
over  one  another.  It  also  insulates  the  metallic 
components  within  the  radome.  With  the  fourth 
method  shown,  the  radome  is  simultaneously 
attached  and  sealed  to  the  bulkhead.  As  shown 
in  Fig.  1-46D,  this  mechanical  joint  consists  of 
a  circumferential  groove  at  the  aft  end  of  the 
radome  and  another  at  the  forward  end  of  the 
bulkhead. 

Figure  1-46E  is  an  enlarged  view  of  this  type 
of  joint.  These  two  portions  are  joined  by  a 
split  ring,  which  is  in  turn  secured  to  the  bulk¬ 
head  by  means  of  a  second  inner  split  ring. 
Note  that  the  splits  in  the  rings  should  be  on 
opposite  sides  of  the  circumference.  The  split 
ring  is  not  fastened  to  either  the  radome  or  to 
the  bulkhead ;  it  is  instead  a  freefloating  clamp 
that  applies  a  minimum  load  to  the  radome.  An 
O-ring  at  the  aft  end  of  the  radome  is  used  for 
scaling.  Such  an  attachment  does  not  depend 
on  adhesives  or  brazing.  The  attachment  area 
can  expand  over  extended  temperature  ranges 
without  imposing  any  direct  load  on  the  radome. 
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If  the  outer  ring  is  designed  to  yield,  it  will  not  is  removed  and  the  split  rings  are  assembled.  A 

impose  a  severe  structural  load  on  the  radome  similar  procedure  can  be  used  to  assemble  a 

at  the  groove  when  a  bending  load  is  applied.  pressurized  unit.  A  word  of  caution  concerning 

If  the  radome  and  bulkhead  are  both  im-  this  attachment  in  in  nrHer  it  u  obvious  that 

permeable  to  gas  and  have  no  evacuation  or  the  load  should  be  distributed  over  as  large  an 

pressurization  ports,  the  assembly  can  be  made  area  as  possible.  This  occurs  if  the  metal  clamp- 

gas  tight  by  designing  special  evacuating  or  ing  rings  have  a  low  spring  rate  or  if  the  design 

pressurizing  chambers.  Consider  the  case  of  an  allows  the  outer  metal  ring  to  yield.  In  the  latter 

evacuated  assembly,  The  radome  and  bulkhead  case,  care  must  be  exercised  to  prevent  the 

are  inserted  in  a  large  chamber  and  this  cham-  attachment  from  reaching  the  breaking  point, 

ber  is  evacuated.  The  radome  is  then  placed  over  The  attachments  described  previously  are 
the  bulkhead  and  subjected  to  a  stress  that  com-  based  on  either  chemical  or  mechanical  meth- 

presses  the  O-ring.  As  the  chamber  returns  to  ods.  Combinations  of  these  two  methods  that 

atmospheric  pressure,  the  external  pressure  have  evolved  are  in  certain  instances  superior 

seals  the  radome  to  the  bulkhead.  The  assembly  to  either  individual  method.  The  joint  shown  in 
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Figurt  1-46.  Mtehanical  Attachment* 
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e. 


Figure  1-47.  Combined  Chemical-Mechanical  Aflachmenlt 


Fig.  1-47A  uses  a  threaded  plastic  insert  lap 
that  is  bonded  to  the  ceramic  structure.  This 
assembly  is,  in  turn,  attached  by  an  offset  lap 
joint  to  the  threaded  bulkhead.  The  advantages 
of  this  type  of  assembly  are  that  it  can  be 
quickly  replaced  and  sealed  with  an  elastomeric 
compound.  A  similar  but  less  expensive  attach¬ 
ment  is  shown  in  Fig.  1-47B.  Figure  1-47C 
shows  perhaps  the  least  expensive  construction. 
It  requires  a  tapered  end  on  the  radome  that 
can,  however,  result  in  a  stress  concentration. 
The  bulkhead  is  machined  as  a  cylinder  and  is 
bonded  to  the  radome  with  an  elastomeric  adhe¬ 
sive.  Before  this  adhesive  is  cured,  the  lip  of 
the  bulkhead  is  depressed  by  means  of  a  swage- 
ing  tool;  the  resulting  mechanical  attachment 
does  not  directly  load  the  radome. 

References  76  and  77  discuss  a  similar  meth¬ 
od  of  attachment  that  is  based  on  the  use  of  a 
magnetic  pulse  to  form  a  thin  metal  ring  around 
an  internally  notched  radome.  They  also  de¬ 
scribe  in  detail  a  series  of  tests,  of  the  attach¬ 
ment  and  contain  a  mechanical  analysis  of  the 
design.  In  the  method  shown  in  Fig,  1-47D,  a 
chemical  lap  joint  is  used  in  combination  with  a 
mechanical  lap  joint.  With  this  method  and 
that  shown  in  Fig.  1-47B,  a  Kovar  ring  welded 
to  the  aluminum  strap  can  be  used.  This  ring  is 
cemented  to  the  radome  and  its  coefficient  of 
thermal  expansion  matches  that  of  the  radome 


over  the  temperature  range  of  interest.  If  this 
ring  is  either  scalloped  or  slit  at  its  forward 
end,  it  does  not  impose  a  load  on  the  radome 
because  of  thermal  expansion.  The  method 
shown  in  Fig.  1-47E  is  perhaps  the  most  ex¬ 
pensive  and  is  used  for  ceramic  radomes. 
However,  it  is  inexpensive  if  a  molded  in¬ 
sert  is  used  with  plastic  radomes.  The  mogul 
thread  is  of  the  same  design  as  that  used 
for  the  attachment  shown  in  Fig.  1-47B.  As  can 
be  seen  in  Fig.  1-47E,  this  design  allows  rapid 
assembly  of  the  parts,  as  well  as  internal  pres¬ 
surization  or  evacuation.  If  ceramic  materials 
are  used,  the  thread  should  be  large  in  order 
to  reduce  the  cost  of  grinding  and  the  stress 
concentration  the  thread  causes. 

Figure  1-48  presents  four  methods  of  at¬ 
taching  the  radome  mounting  ring  to  a  missile. 
In  Figs,  1-48A  and  B,  cone  nuts  are  used  for 
locking  to  allow  for  small  misalignments  and 
still  provide  a  reliable  structural  attachment.. 
The  use  of  O-rings  makes  it  possible  to  control 
the  internal  environment.  In  Figs.  1-48C  and 
D,  lap  and  double  lap  joints  are  shown.  Al¬ 
though  they  are  less  expensive,  such  joints  can¬ 
not  be  readily  sealed  by  O-rings.  An  elasto¬ 
meric  adhesive  can  be  used  to  All  the  butt  joint, 
but  then  the  radome  cannot  be  quickly  removod. 

A  review  of  the  various  attachments  shown 
in  Figs.  1-44  through  1-48  reveals  that  the 
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chemically  bonded  lap  and  double  lap  can  be 
used  for  attaching  ceramic  sandwich  radomes. 

tr*«o  it. - - - NM 
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that  are  available  for  thick  solid  walls.  Details 
on  the  methods  of  attaching  ceramic  radomes 
shown  in  Fig.  1-49  are  discussed  in  Reference 
6.  Methods  of  attaching  plastic  sandwich  ra¬ 
domes  are  described  in  Reference  1.  When  com¬ 
bined  with  those  illustrated  in  this  section, 
these  designs  should  provide  a  reliable  means 
of  attachment  for  sandwich  radomes.  All  the 
designs  illustrated  are  merely  combinations  of 
the  basic  joints  shown  in  Fig.  d-44,  Thus,  a 
unique  problem  can  be  solved  by  using  these 
basic  joints  and  the  detailed  designs  presented 
here  as  a  guide. 

The  methods  of  attaching  thick-wall  radomes 
are  applicable  to  ceramic  and  plastic  thin-wall 
radomes  if  suitable  wall  sections  can  be  made 
available  at  the  aft  end  of  the  radome.  When 
the  desired  look  angle  does  not  permit  a  gradual 
thickening  of  the  wall,  variations  of  the  lap  and 
double  lap  joint  can  be  used.  Several  such  varia¬ 
tions  that  are  applicable  to  thin-wall  radomes 
are  discussed  in  Reference  59. 

1-4  TEST  METHODS  FOR  DETERMINING  THE 
PHYSICAL  PROPERTIES  OF  RADOMES 

1-4.1  INTRODUCTION 

The  physical  properties  of  a  radome  must  be 
known  not  only  to  conduct  the  various  analyses 


that  are  essential  for  design,  but  also  to  evalu¬ 
ate  the  validity  of  the  resulting  design.  They  can 
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program.  Table  1-1,  which  lists  the  various 
properties  involved  in  radome  design,  should  be 
referred  to  in  the  following  discussion. 

Determining  the  physical  properties  of  a 
radome  usually  involves  cutting  specimens  from 
the  radome  wall  and  then  evaluating  them  by 
the  following  procedures.  In  some  instances,  the 
complete  radome  can  be  used  in  these  tests ;  for 
example,  to  determine  its  strength  by  loading 
the  radome  and  measuring  its  resistance  to 
thermal  shock.  Methods  of  nondestructive  test¬ 
ing  have  been  developed  for  evaluating  such 
electrical  properties  as  dielectric  constant,  loss 
tangent,  and  transmission  and  reflection  losses. 
Hence,  unless  otherwise  stated,  it  is  to  be  as¬ 
sumed  that  the  required  test  specimens  are  ob¬ 
tained  by  removing  samples  of  the  material 
from  the  radome. 

References  78  and  79  contain  detailed  tabu¬ 
lations  of  recommended  test  methods  and  Refer¬ 
ence  80  gives  details  on  test  techniques.  Addi¬ 
tional  information  on  the  evaluation  of  those 
properties  marked  in  Table  1-1  with  a  double 
asterisk  is  presented  in  Reference  71  and  in 
Chapters  4  and  6  of  this  handbook.  The  follow¬ 
ing  discussion  is  devoted  to  methods  of  deter¬ 
mining  the  physical  properties  of  radome  ma¬ 
terials. 


Figuro  I  -48.  Mothodi  of  Attaching  Ru demo  Mounting  Ring  to  MUtllo 
or  Aircraft  Slructuro 


a  DOUBLE  LAP  JOINT 


b  SINGLE-BUTT  LAP  JOINT 
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c.  COMBINATION  OF  LANDED  SCARF 
TONGUE  AND  GROOVE  AND  BUTT 
LAP  JOINT 


Flgurn  1-49.  Molhods  of  Attaching  “A"  Sandwich  Radome ■ 


1-4.2  GENERAL  PROPERTIES 

The  general  properties  listed  in  Table  1-1, 
such  as  color,  surface  texture,  and  finish,  can 
be  determined  by  visually  observing  the  radome. 
Surface  finish  can  be  assessed  by  using  appro¬ 
priate  fixtures  and  instruments,  such  as  the 
Brush  Surflndicator,  Profllimeter,  or  some  other 
instrument  designed  for  this  purpose.  The  com¬ 
position  of  the  material  can  be  determined 
either  by  chemical  analysis  of  a  specimen  or, 
prefertoly,  by  a  spectrographic  analysis  of 
rjpr‘?aent.‘«t.rvi)  Bectiom  of  the  radome.  Homo¬ 
geneity,  which  is  defined  as  the  possession  of 
identical  physical  properties  throughout  the  ra¬ 
dome,  can  be  determined  by  cutting  samples 
from  various  portions  of  the  radome  and  de¬ 
termining  the  physical  properties  of  specimens 
ground  from  these  samples.  Isotropy,  which  is 
defined  as  the  possession  of  the  same  physical 
properties  in  all  directions,  is  evaluated  in  a 
similar  manner.  In  this  instance,  however,  the 
properties  of  tho  same  specimen  or  of  one  cut 
from  adjacent  areas  of  the  sample  are  usually 
measured  in  three  orthogonal  directions. 
Homogeneity  and  isotropy  should  be  determined 
for  each  of'  the  physical  properties  listed  in 
Table  1-1.  Note  timt  a  radornu  can  be  simul¬ 
taneously  both  homogeneous  and  anisotropic; 
for  example,  one  having  a  sandwich  construc¬ 


tion.  The  monolithic  wall  is  usually  both  homo¬ 
geneous  and  isotropic, 

1-4.3  ENVIRONMENTAL  TESTS* 

The  environmental  tests  needed  to  determine 
the  chemical  solubility  of  a  radome  material  and 
its  resistance  to  salt  spray,  fungus,  sand,  and 
dust  are  defined  in  Reference  78.  Since  the 
environmental  requirements  for  a  given  ra¬ 
dome  depend  on  how  and  where  it  will  be  used, 
the  applicable  system  specification  should  be 
consulted  to  determine  the  pertinent  require¬ 
ments.  Water  absorption  characteristics  can  be 
found  by  using  Procedures  C-373-56  or  D-116- 
61T  in  Reference  80,  or  the  dye  penetration 
method  defined  in  Reference  70  can  be  used. 
Gus  permeability  and  outgassing  are  usually 
measured  by  using  helium  muss  spectrometer 
leak-detection  equipment  while  the  test  speci¬ 
men  is  kept  at  the  appropriate  temperature. 
Tests  for  chemical  solubility,  such  as  those  re¬ 
quired  in  Reference  78,  are  applicable  to  the 
usual  aircraft  fuels  and  to  solutions  used  in 
maintenance.  Exotic  missile  fuels  and  solutions 
are  not.  however,  covered  by  this  specification. 
The  effects  of  radiation  are  determined  by  sub- 
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jecting  a  test  specimen  to  the  expected  source 
of  radiation  for  the  period  of  time  defined  in  the 
Hnniif'flhln  aysf»rn  ■necfficetloji.  Electromag¬ 
netic  radiation  has  no  adverse  effect  on  the 
properties  of  the  usual  radome  materials;  how¬ 
ever,  it  has  been  shown  that  radiation  at  higher 
frequencies,  such  as  that  associated  with  atomic 
or  nuclear  environments,  weakens  many  plastic 
materials.  The  life  expectancy  of  radomes  when 
in  use  varies  from  seconds  to  hours,  while  stor¬ 
age  requirements  of  from  2  to  5  years  are  not 
uncommon.  Procedures  such  as  those  defined  in 
Reference  78  are  usually  used  for  evaluating 
life  expectancy.  Radomen  or  specimens  of  ra¬ 
dome  materials  have  been  subjected  to  rain- 
resistance  tests  that  vary  from  flight  through 
natural  rainfall  to  the  simulation  of  various 
expected  environments  by  using  test  apparatus 
such  as  cannon  shells  and  machines  with  rotat¬ 
ing  arms  described  in  Reference  1  or  sleds 
mounted  on  dual  or  monorail  tracks.  Although 
it  is  intended  primarily  as  a  handbook  covering 
the  principles  of  rocket  sled  design,  Reference 
81  contains  a  detailed  description  of  sled  tracks 
and  rain-erosion  test  facilities.  Specimens  of  a 
radome  material  or  samples  cut  from  a  radome 
wall  are  mounted  on  the  rotating  arm  or  are 
used  as  the  tip  section  of  the  cannon  shell.  The 
use  of  a  sled  makes  it  possible  to  evaluate  not 
only  specimens  but  scaled  or  full-size  radomes. 
Considerable  work  has  been  devoted  to  deter¬ 
mining  the  rain  resistance  of  radomes  and  ra¬ 
dome  materials.  Two  bibliographies  on  the  sub¬ 
ject  of  rainfall  and  rain  resistance  tests  (Refer¬ 
ences  82  and  88)  together  with  the  data  pre¬ 
sented  in  Chapter  8  of  this  handbook  provide  a 
comprehensive  review  of  the  work  done  in  this 
field. 

It  should  be  emphasized  that  the  only  ra¬ 
dome  specifications  available  are  MIL-R-7705A 
(Reference  78),  and  AIA  Reports  No.  ARTC-S 
and  ARTC-4.  The  first  two  specifications  cover 
the  physical  properties  of  radomes  and  the  last 
specification  covers  the  electrical  properties, 

1-4.4  THERMAL  PROPERTIES* 

The  thermal  properties  of  radome  materials 
are  evaluated  by  using  specimens  cut  from  the 
radome.  The  teat  methods  to  be  employed  de- 


*  Sue  Chapter  ft,  Paragraph  6-0. 


pend  on  the  type  of  material.  For  example,  ma¬ 
terials  with  low  conductivity  require  refine- 


normally  not  necessary  in  evaluating  high-con¬ 
ductivity  materials.  The  term  maximum,  use 
temperature  is  defined  as  that  temperature 
beyond  which  a  radome  can  no  longer  function 
without  impaired  performance.  Radomes  made 
of  plastic  materials  are  limited  in  electrical 
performance  by  the  variation  in  dielectric  con¬ 
stant  and  loss  tangent  as  temperature  Increases, 
while  the  strength  of  many  ceramic  radomes 
decreases  appreciably  at  high  temperatures.  No 
method  that  is  acceptable  to  the  various  manu¬ 
facturers  of  radome  materials  has  yet  been  de¬ 
vised  to  determine  the  melting  and  softening 
point.  Thus,  actual  environmental  conditions 
and  functional  requirements  must  be  considered 
in  determining  maximum  use  temperature  and 
the  softening  and  melting  point  of  the  material. 
The  value  of  specific  heat  is  usually  found  by 
using  ASTM  test  method  C-851-61.  The  rela¬ 
tionship  between  thermal  conductivity  and  dif- 
fusivity  is  given  by  Eq.  1-10.  It  is,  therefore, 
necessary  to  measure  only  density  or  specific 
heat;  the  value  of  the  other  property  cBn  then 
be  calculated.  References  84  and  86  each  pro¬ 
pose  a  method  of  determining  thermal  con¬ 
ductivity;  the  method  given  in  Reference  85 
has  been  incorporated  in  ASTM  test  C-408-68. 
The  thermal  diffusivity  of  ©.ramie  materials 
can  be  found  by  using  the  methods  described  in 
References  71  and  86.  The  values  of  thermal 
expansion  and  of  the  coefficient  of  linear  ther¬ 
mal  expansion,  sometimes  culled  expansivity, 
can  bo  found  by  interferometric  methods  de¬ 
scribed  in  ASTM  specification  C-328-66  or  by 
applying  the  dilatometer  technique  used  in 
ASTM  tost  C-337-57.  Data  on  thermal  omittance 
are  primarily  of  importance  at  high  velocities, 
where  the  radome  surface  reaches  high  tem¬ 
peratures,  In  this  situation,  the  effects  of  radia¬ 
tion  play  an  important  role  in  heat  transfer. 
The  various  techniques  for  determining  both 
the  spectral  and  the  total  normal  emittunce  of 
transparent,  semitransparent,  and  opaque  ma¬ 
terials  are  described  in  References  87  through 
89. 

Resistance  to  thermal  shock  is  primarily  of 
importance  in  the  design  of  ceramic  radomes 
for  high-velocity  missiles.  It  is  a  measure  of 
the  ability  of  a  material  to  withstand  a  tem¬ 
perature  gradient  through  its  thickness.  Speci- 
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mens  cut  from  the  radome  wall  or  prepared  in 
the  shape  desired  are  used  in  these  measure¬ 
ments.  The  use  of  solid  spherical  shapes  is  dis¬ 
cussed  in  Reference  90,  and  tests  of  right  cylin¬ 
drical  disks  arc  described  in  Keterence  tfl.  A 
determination  of  thermal  shock  resistance  and 
a  choice  of  materials  based  on  these  findings 
do  not  of  themselves  guarantee  satisfactory  ra- 
dome  performance.  A  full-scale  radome  must 
be  tested  to  determine  structural  reliability.  In 
the  most  elementary  type  of  such  a  test,  the 
radome  is  immersed  in  heated  salt  or  molten 
metal  (see  References  91  and  92).  Such  tests 
are  limited  by  the  heat  transfer  coefficient  of 
the  fluid  because  of  the  peak  stress  that  occurs. 
In  attempts  to  attain  greater  temperature  gra¬ 
dients,  a  centrifugal  pump  is  used  to  move  the 
heated  fluid  over  the  outer  surface  of  the  ra¬ 
dome.  As  discussed  in  Reference  74,  the  radome 
is  supported  in  the  horizontal  plane  and  the 
heated  fluid  is  sprayed  in  an  axial  direction 
from  the  tip  to  t)\e  aft  portion.  A  further  refine¬ 
ment  in  technique  is  to  use  a  heated  fluid  into 
which  n  shroud  is  submerged,  The  apex  of  this 
shroud  is  attached  to  a  centrifugal  pump,  fluid 
is  pumped  into  the  shroud  cavity,  and  the  ra¬ 
dome  is  lowered  into  the  shroud  at  a  controlled 
rate.  As  the  radome  descends,  the  clearance 
between  it  and  the  shroud  decreases  and  the 
heat  transfer  rate,  therefore,  increases.  If  nec¬ 
essary,  the  pump  velocity  can  also  be  varied  as 
the  radome  descends.  Although  this  technique 
is  most  effective  when  heated  fluids  are  used, 
it  requires  the  design  and  fabrication  of  a 
shroud  matching  the  size  and  shape  o*  each 
radome  to  be  tested.  It  is,  therefore,  the  most 
expensive  method. 

An  alternative  test  technique  is  based  on  the 
principle  of  radiant  heating.  The  equipment 
used  consists  of  a  cylindrical  o?  conical  chamber 
fitted  with  infrared  lamps.  (c5cc  References  86, 
98,  und  94.)  Thd  radome  is  mounted  within  the 
chamber  and  the  controlled  flow  of  current  to 
the  lamps  is  increased  to  produce  the  desired 
radome  temperature  gradients..  In  the  most 
sophisticated  simulation  of  thermal  shock,  a 
metallic  contour  shroudencloses  the  radome  and 
heuted  air  Is  circulated  between  the  shells 
axially  from  the  radome  tip,  Reference  96  de¬ 
scribes  a  facility  that  consists  of  an  arc  that 
heats  the  air  to  the  desired  enthalpy.  The  air 
then  passes  to  the  shroud  through  a  plenum 
chamber.  Similar  facilities  in  which  u  blow¬ 


down  tunnel  is  the  source  of  air  are  discussed 
in  References  74  and  96.  Reference  71  contains 
a  complete  description  and  analytic  evaluation 
of  a  similar  facility  in  which  a  gas-fired  heater 
is  used  to  warm  the  air  from  a  large  storage 
vessel.  After  it  is  mixed  with  cool  air  to  achieve 
the  desired  heat  flux,  the  heated  air  passes  be¬ 
tween  the  shroud  and  the  outer  surface  of  the 
radome  and  produ'38  the  deuired  temperature 
gradients. 

Thus,  there  are  three  -types  of  test  proce¬ 
dures  that  produce  different  thermal  conditions. 
Immersion  of  a  test  specimen  in  a  heated  fluid 
can  simulate  the  thermal  gradient  at  only  one 
particular  missile  station.  Since  the  tempera¬ 
ture  of  the  fluid  is  constant  because  at  a  spe¬ 
cific  bath  temperature  the  temperature  gradient 
through  the  wall  is  approximately  the  same  in 
any  axial  or  circumferential  direction,  the  maxi¬ 
mum  stress  occurs  at  the  tip  of  the  radome. 
Therefore,  this  type  of  test  is  restricted  to 
simulating  thermal  stresses  only  at  the  stagna¬ 
tion  point.  The  use  of  a  shroud  also  makes  it 
possible  ti  control  the  axial  temperature  gra¬ 
dient,  and  with  infrared  heating  equipment, 
rapid  variations  in  surface  temperature  can  be 
simulated.  Because  these  teBt  methods  cannot 
provide  the  large  heat  fluxes  that  are  required 
for  many  full-scale  tests,  the  use  of  heated-gas 
facilities  is  mandatory  for  r  three-dimensional 
simulation  of  thermal  Bhock  caused  by  severe 
heat.  Although  the  facilities  just  described  aro 
the  best  that  have  been  devised  for  this  type  of 
test,  bocuuse  of  the  high  cost  of  Instrumentation 
and  operation,  they  are  usually  qmployed  only 
for  final  radome  tests  rather  than  for  the  evalu¬ 
ation  and  screening  of  materials.  Chapter  8  con¬ 
tains  additional  information  on  this  type  of 
test  and  a  compilation  of  test  data. 

1-4.5  ELECTRICAL  PROPERTIES* 

The  electrical  properties  of  primary  impor¬ 
tance  to  u  designer  of  microwave  radomes  are 
dielectric  constant  and  loss  tangent.  They  can 
be  measured  by  using:  (1)  loaded  and  shorted 
waveguide,  (2)  resonant  cavities,  and  (8)  free- 
space  transmission  or  reflection  techniques.  The 
use  of  loaded  and  shorted  waveguide,  which  is 
described  in  References  97  and  98,  requires 


*  Soe  Chapter  6,  I’urugruph  ft-fl. 
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that  specimens  of  the  material  to  be  tested  be 
either  specially  fabricated  or  cut  from  the  ra- 
domc  wall.  Although  the  specimen  n«<vi«d  i? 
usually  small  enough  that  it  can  be  cut  from 
the  wall,  this  method  is  limited  to  measurements 
at  low  temperature  because  of  the  difference 
in  the  thermal  expansion  characteristics  of  the 
waveguide  and  the  specimen.  If  elaborate  cor¬ 
rections  for  sample  fit  are  made,  the  use  of 
shorted  waveguide  can  be  extended  to  high  tem¬ 
peratures.  With  the  refinements  reported  in 
Reference  99,  accurate  measurements  can  be 
made  at  temperutures  beyond ,  oOOtTF.  The 
resonant  cavity  technique  that  is  proposed  and 
analyzed  in  Reference  100  is  not  as  susceptible 
to  the  tolerances  and  fit  of  the  sample  as  is  the 
waveguide  technique.  The  use  of  resonant  cavi¬ 
ties  is  discussed  in  References  101  and  102. 

Free-space  techniques  for  measuring  the 
dielectric  constant  are  based  on  the  use  of 
panels  of  the  radomu  material  or  the  radome 
itself.  Unless  largo  panels  are  available,  this 
method  is  not  satisfactory  for  measuring  the 
loss  tangent  of  low-loss  materials.  References 
78  and  97  give  details  on  the  construction  and 
use  of  tho  reflsetometers  and  interferometers, 
and  Reference  103  presents  a  mathematical 
analysis  of  how  the  dielectric  constant  is  deter¬ 
mined  on  the  basis  of  measurements  of  reflec¬ 
tion  coefficient.  Those  techniques  are  also  em¬ 
ployed  to  determine  tho  transmission  and  reflec¬ 
tion  coefficients  of  radome  materials  and  of 
full-scale  radomes.  As  discussed  in  Reference 
97,  they  are  useful  for  quality  control  because 
they  measure  insertion  phase  difference  and, 
hence,  wall  thickness  and  are  covered  in  Chap¬ 
ter  6. 

1-4.6  MECHANICAL  PROPERTIES* 

The  mechanical  properties  of  a  radome  are 
determined  by  removing  specimens  from  it.  The 
methods  presented  in  Reference  104  are  gen¬ 
erally  acceptable  to  the  aircraft  industry.  Al¬ 
though  these  methods  are  intended  primarily 
for  plastic  materials,  in  many  instances,  they 
are  also  applicable  to  the  evaluation  of  ceramic 
materials.  The  application  of  this  specification 
has  declined  and  MIIj-STD-401A  (Reference 


*  See  Chapter  4,  Part  I,  ami  also  Chapter  5,  Para¬ 
graph  B-G. 


105)  is  generally  used  in  its  place.  Note,  how¬ 
ever,  that  methods  of  determining  edgewise 
tensile  failure  of  sandwiches  are  not  covered  by 
the  M1L-STD-401A.  When  combined  with  those 
discussed  below,  these  methods  provide  the 
reader  with  a  basic  set  of  procedures  for  eval¬ 
uating  most  radome  designs.  The  density  or 
specific  gravity  of  a  radome  is  measured  by 
immersion  techniques,  such  as  those  outlined  in 
ASTM  Specification  C329-66.  The  hardness  of 
dense  ceramic  materials  is  measured  by  using 
the  Rockwell  45  N  scale  and  following  the  pro¬ 
cedures  given  in  ASTM  E-18-61.  Hardness  of 
the  less  dense  glass-based  materials  is  meas¬ 
ured  by  using  the  Knoop  technique.  Although  a 
scratch  test  enables  one  to  differentiate  between 
many  materials,  since  the  more  dense  ceramic 
materials  all  fall  in  the  Moh’s  scale  of  9  or 
higher,  this  type  of  test  cannot  be  used  to  dif¬ 
ferentiate  between  bodies  that  are  90  or  96 
percent  alumina,  for  example.  The  porosity  of 
a  radome  material  can  be  determined  by  com¬ 
paring  tho  density  measured  by  the  technique 
discussed  previously  with  the  theoretical  maxi¬ 
mum  density  or  by  using  the  methods  presented 
in  ASTM  specification  C-378-56.  The  Charpy 
test  described  in  ASTM  specification  D-256-66 
is  used  for  measuring  impact  strength.  Method 
D  appears  most  suitable  for  measuring  brittle 
materials.  The  elastic  properties  of  glass  and 
ceramic  materials,  Young’s  modulus  of  elas¬ 
ticity,  E,  tho  modulus  of  rigidity,  G,  and  Pois¬ 
son’s  ratio,  fi,  are  related  by  the  expression 

»> =(■&)-'  <1'20> 

Thus,  only  two  of  these  properties  need  to  be 
determined.  The  sonic  resonance  method,  pre¬ 
sented  in  Reference  106,  is  nondestructive  and 
accurate,  and  has  been  applied  to  ceramic  ma¬ 
terials,  such  as  alumina,  beryllia,  and  Pyro- 
ceram  (References  71  and  107).  Flexural 
strength  or  modulus  of  rupture  (MOR)  is  meas¬ 
ured  by  either  a  three-  or  four-point  loading  of 
a  rectangular  or  cylindrical  test  specimen.  The 
methods  defined  by  ASTM  specifications  D-116- 
61T  or  , P-667-44  are  representative.  A  knowl¬ 
edge  of  flexural  strength  is  Important  in  deter¬ 
mining  structural  and  thermodynamic  loading. 
In  evaluating  MOR  data  and  flexural  test  meth¬ 
ods,  consider  that  three-point  loading  of  cylin¬ 
drical  specimens  applies  a  maximum  load  to 
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only  one  point,  while  for  rectangular  specimens 
the  same  type  of  loading  applies  a  maximum 
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maximum  loads  along  a  line  and  over  an  area 
for  cylindrical  and  rectangular  specimens,  re¬ 
spectively.  Thus,  the  measured  stiengths  may 
vary,  depending  on  the  type  of  loading  applied. 
It  must  also  be  recognized  that  in  very  large 
specimens  there  is  a  greater  probability  of  en¬ 
countering  a  flaw ;  hence  they  will  not  be  as 
strong  as  the  microspecimens  commonly  used. 
The  important  point  to  remember  is  that  meas¬ 
ured  values  of  MOR  vary  inversely  with  cross- 
sectional  area  if  the  test  span  is  constant  and 
that  the  edge  flaws  usually  encountered  in  rec¬ 
tangular  specimens  can  cause  a  reduction  in 
measured  strength.  Since  the  compressive 
strength  of  most  ceramic  materials  is  exceed¬ 
ingly  high,  special  test  methods  must  be  used 
to  evaluate  this  parameter.  If  the  specimens  are 
cylindrical,  they  should  be  supported  between  a 
conical  anvil  made  of  the  same  material  as  the 
specimens  to  ensure  minimum  drag  force  at 
the  face  of  the  anvil.  The  methods  described  in 
Reference  78  or  those  in  the  proposed  ASTM 
specification  for  compressive  tests,  C-63T,  are 
recommended. 


Measuring  tensile  strength  by  using  the 
standard  pull  type  of  test  is  not  recommended 
because  it  is  difficult  to  align  the  specimen 
properly.  In  this  type  of  test,  the  specimen  may 
fail  at  the  grip  point  because  of  stress  concen¬ 
trations  and  shear  loads.  Thus,  data  obtained 
by  following  ASTM  methods  lead  to  errors  in 
measurement  and  interpretation.  For  these  rea¬ 
sons,  most  manufacturers  of  ceramics  do  not 
use  the  tensile  test,  but  prefer  to  measure  mod¬ 
ulus  of  rupture  instead. 


Another  method  of  measuring  tensile 
strength  is  to  use  a  cylindrical  specimen  of  a 
ceramic  material  obtained  by  cutting  rings  from 
the  section  removed  from  the  skirt  of  a  radome 
as  it  is  ground  to  the  required  length.  As  an 
alternative,  rings  can  be  cut  from  the  radome 
itself.  Consider  a  right  cylindrical  ring  sub¬ 
jected  to  an  internal  pressure.  Using  Lame’s 
method,  which  assumes  that  the  cylinder  con¬ 
sists  of  a  aeries  of  thin-walled  cylinders  one 
within  the  other  and  that  a  plane  transverse 
section  remains  plane  and  parallel  to  itself,  we 
can  show  that : 
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b  =  outer 

radius  of  ring 

a  =  inner 

radius  of  ring 

r  =  radius  at  which  stress  is  to  be 
calculated 
< t 1 7=  hoop  stress 
rrr  =  ;radial  stress 
p  =  internal  pressure 

The  maximum  shear  stress  is 


<x„  —  1,4  (<r„  -f  er,)  (1-23) 


Under  these  conditions,  tho  hoop  stress  is  ten¬ 
sile  and  is  maximum  at  the  inner  surface  of 
the  ring.  Equations  1-21  and  1-22  then  become: 


and 
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If  the  ring  is  very  thin,  b  is  approximately  equal 
to  a,  and  the  stresses  through  the  section  can 
be  assumed  to  be  constant  and  equal  to: 


<r,  =  P“  (1-26) 

<r,  =  P  (1-27) 

Thus,  if  a  uniform  constant  pressure  is  applied 
to  a  thin  ring,  it  experiences  tensile  stress  that 
increases  as  the  pressure  increases.  Equation 
1-24  has  been  solved  for  the  various  conditions 
shown  in  Fig.  1-50,  which  presents  the  ratio  of 
tensile  stress  to  pressure  as  a  function  of  wall 
thickness  for  various  inner  radii.  From  this  fig¬ 
ure,  it  can  be  seen  that  the  pressure  required  to 
break  a  ring  having  a  constant  thickness  in¬ 
creases  as  the  radius  decreases  and  that  it  also 
increases  if  the  thickness  of  the  ring  increases, 
figure  1-51  showa  the  ratio  of  the  outer  radius 
to  the  inner  radius  as  a  function  of  the  ratio 
of  the  stress  on  the  inner  surface  of  a  thick 
shell  to  that  on  a  thin  shell.  From  this  figure, 
it  can  be  seen  that  the  use  of  a  t'nin-shell  approx¬ 
imation  is  not  permissible  if  the  stresses  are  to 
be  used  as  a  valid  means  of  determining  the 
tensile  strength  of  the  ring.  An  indication  of 
the  variation  in  the  calculated  values  of  stress 
through  the  wall  is  given  in  Fig.  1-52,  which 
shows  that  the  percentage  variation  in  stress 
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RATIO  OF  TENSILE  STRENGTH  TO  PRESSURE 


RATIO  OF  OUTER  RADIUS  TO  INNER 
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F.’guro  J  -51.  Comparison  of  Strettat  on  Thick-  and  Thin -Shall  Radomot 
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decreases  as  the  radius  increases,  This  decrease 
is  to  be  expected  since  with  large  radii,  the  thin- 
wall  approximation  approaches  the  thick-wail 
approximation. 

This  analysis  suggests  a  means  of  determin¬ 
ing  thp  teneiis  strength  of  sections  of  the  ra- 
dome  or  it  can  serve  as  a  quality  control  method 
if  the  ring  removed  from  the  radome  skirt  is 
used  as  a  test  specimen.  The  internal  pressure 
required  can  be  obtained  by  using  a  bladder 
made  of  an  elastic  material  inside  the  ring  or 
by  the  method  shown  in  Fig.  1-63.  Here  the 
metal  loading  fixture  is  lined  with  an  elastic 
material  that  applies  a  uniform  load  to  the  ring. 
The  error  involved  in  applying  pressure  in  a 
direction  normal  to  the  loud  is  negligible  since 
the  load  on  a  unit  area  is  equal  to  p  cos  y.  Since, 
in  this  region,  the  value  of  y  approaches  90 
degrees  and  that  of  cos  y  approaches  zero,  the 
force  is  small  compared  with  the  total  force. 
An  alternative  method  of  determining  tensile 
strength  by  using  ring  specimens  is  discussed  in 
Reference  108.  Here,  the  specimen  is  placed 
under  compression  ucross  a  diameter.  The  load 
at  fuilure  is  u  measure  of  the  tensile  strength 
of  the  specimen.  The  methods  for  determining 


the  strength  of  a  radome  by  using  specimens 
cut  from  the  wall  of  the  radome  are  not  com¬ 
pletely  valid  since  the  stress  concentrations  and 
other  shape  factors  peculiar  to  a  radome  and 
its  attachment  arc  nut  reproduced  in  the  speci¬ 
men.  The  actual  radome  can  be  used  as  a  test 
specimen  for  determining  its  strength  under 
tension.  The  radome  is  placed  in  a  horizontal  or 
vertical  position  and  attached  to  a  rigid  base.  A 
lead  is  applied  to  the  tip  area  in  a  direction 
normal  to  the  radome  axis  and  is  increased 
until  failure  occurs.  Analyses  such  as  those 
presented  in  Reference  71  can  be  used  to  trans¬ 
form  the  maximurq  normal  load  into  a  failure 
stress.  As  shown  in  this  reference,  this  method 
also  permits  the  evaluation  of  strength  at  ele¬ 
vated  temperatures.  In  this  case,  the  radome  is 
surrounded  by  infrared  lamps  grouped  in  the 
form  of  a  cylinder.  The  radome  is  loaded  as  the 
lamps  heat  it  in  a  manner  that  simulates  the 
temperatures  expected  during  flight  and  its 
strength  is  evaluated  by  using  the  same  analytic 
techniques  as  those  discussed  above. 

Dimensional  return,  the  ability  of  a  material 
to  return  to  its  initial  dimensions  after  being 
subjected  to  high  t>  iperatures,  can  be  deter- 


figuro  I -S3.  Measurement  of  Tons/le  Strength  by  Use  of  Ceramic  Rings 
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mined  by  using  the  actual  radome.  The  radome 
is  dimensionally  inspected  first  and  then  in¬ 
spected  again  after  several  cycles  of  heating  and 
cooling.  Dimensional  stability  is  measured  in  a 
similar  manner  except  that  instead  of  tempera¬ 
ture,  time  is  the  variable.  The  effects  of  fatigue 
for  most  ceramic  materials  are  unknown.  Since 
ceramic  radomes  are  now  used  for  missile  appli¬ 
cations  in  which  the  radome  is  not  subjected  to 
cyclic  loading  for  long  periods  of  time,  the  effect 
of  fatigue  is  at  present  of  minor  importance. 
For  aircraft  radomes,  on,t,he  other  hand,  fatigue 
must  be  considered  since  they  are  subjected  to 
repeated  loads  for  long  periods  of  time. 

1-5  FACTORS  AFFECTING  THE  STRENGTH 
OF  RADOMES 

1-5.1  SHAPE 

The  strength  of  a  radome  is  determined  by 
its  aerodynamic  contour,  wall  thickness,  fine¬ 
ness  ratio,  base  diameter,  and  the  physical  prop¬ 
erties  of  the  material  of  which  it  is  made.  The 
effect  of  these  parameters  is  illustrated  in  Fig. 
1-42.  Aerodynamic  drag  is  a  function  of  the 
base  diameter,  the  contour,  and  the  fineness 
ratio.  It  increases  for  larger  base  diameters  and 
decreases  with  increasing  fineness  ratio  and 
more  pointed  contours.  The  forces  due  to  the 
difference  in  pressure  withjn  the  radome  and 
that  outside  the  radome  and  the  force  due  to 
an  O-ring,  if  used,  increase  as  the  base  diameter 
increases.  The  forces  due  to  inertia  and  vibra¬ 
tion  are  determined  by  the  weight  and  center 
of  gravity  of  the  radome.  Since  weight  increases 
with  wall  thicknesa,  length,  and  base  diameter, 
low  values  for  these  parameters  are  desirable. 
The  center  of  gravity  is  determined  by  the  aero¬ 
dynamic  contour  and  fineness  ratio.  The  dis¬ 
tance  from  the  radome  base  *to  the  center  of 
gravity  increasesjas  the  fineness  ratio  increases ; 
thus,  p  low  value  of  fineness  ratio  is  desirable. 
The  force  due  to  aerodynamic  pressure  in¬ 
creases  for  bulbous  shapes.  The  distance  be¬ 
tween  the  radome  base  and  the  center  of  pres¬ 
sure  increases  as  fineness  ratio  increases  and, 
therefore,  the  stress  at  any  station  becomes 
greater.  Since  the  strength  of  the  radome  in¬ 
creases  as  the  wall  thickness  and  the  radius  at 
any  section  increase,  a  thick-walled,  hemispheri¬ 
cal  shape  with  a  low  fineness  ratio  is  more  desir¬ 
able  structurally. 


1-5.2  THERMAL  ENVIRONMENT 


When  a  radome  is  exposed  to  sudden  in- 
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dient  is  produced  through  the  wall  that  results 
in  thermal  stress.  The  various  factors  that  de¬ 
termine  the  magnitude  of  this  stress  are  dis¬ 
cussed  in  References  109  through  111. 

Approximate  equations  used  to  calculate  the 
thermal  stress  in  a  hollow  spherical  shape  are 
presented  in  Reference  21.  The  tangential 
stresses  are 


2ra  -f  a:l 
(b3  --  aa)  r3 

Tr2  dr  +  j  Tra  dr  -  T 1 
(1-28) 

where  a  =  coefficient  of  thermal  expansion 
E  =  Young’s  modulus  of  elasticity 
fi  =  Poisson’s  ratio 
T  =  temperature 
b  =  outer  radius 
a  zs  inner  radius 

Thus,  it  can  be  seen  that  thermal  stress  in¬ 
creases  with  an  increase  in  coefficient  of  thermal 
expansion,  Young’s  modulus,  and  Poisson’s 
ratio,  and  with  a  decrease  in  inner  and  outer 
radii.  The  temperature  difference  between  the 
inner  and  outer  surface  increases  as  thermal 
emisslvity,  thermal  diffusivity,  and  thermal 
conductivity  decrease.  The  radome  contour  and 
fineness  ratio  determine  not  only  the  surface 
temperature  experienced  by  the  radome,  but 
also  its  resistance  to  thermal  stress.  Slender 
shapes  with  high  fineness  ratios  experience 
higher  temperatures  and  thermal  gradients. 
Thermal  stress  decreases  with  an  increase  in 
radius  at  the  section  in  question ;  thus,  a  bulbous 
shape  is  desirable  if  thermal  stress  is  to  be  re¬ 
duced.  References  109  through  112  list  recent 
studies  of  the  effect  of  physical  properties  on 
thermal  stress.  References  111  and  112  are 
studies  of  the  thermal  stress  resistance  of 
heterogeneous  systems  and  show  that  the  ad¬ 
dition  of  a  material  having  a  low  modulus  of 
elasticity  increases  resistance  to  thermal  shock. 
These  references  are  also  applicable  to  foamed 
ceramic  systems  containing  spherical  pores  and 
show  that  the  thermal-shock  resistance  of  a 
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foamed  ceramic  ia  superior  to  the  same  material 
in  monolithic  form. 

Reference  113  and  Chapters  3,  4,  and  6  of  the 
handbook  discuss  the  effect  of  temperature  on 
the  physical  properties  of  monolithic  structures. 
These  properties  usually  vary  with  tempera¬ 
ture  in  such  a  way  that  stress  increases  as 
strength  decreases.  The  properties  of  sandwich 
structures  made  of  ceramic  materials  are  dis¬ 
cussed  in  Reference  114,  which  shows  that 
thermal  shock  resistance  increases  for  such 
structures  while  their  -  strength  generally  de¬ 
creases. 

1-5.3  MECHANICAL 

The  strength  of  a  ceramic  material  ia  re¬ 
duced  by  surface  flaws  and  stress  concentra¬ 
tion  factors,  such  as  notches  and  surface  dis¬ 
continuities  resulting  from  surface  grinding. 
Internal  flaws  and  residual  stresses  resulting 
from  improper  cooling  cycles  are  also  responsi¬ 
ble  for  a  decrease  in  the  inherent  strength  of  a 
ceramic  material,  The  effects  of  structural  size, 
strain  rate,  internal  stress  fields,  microstruc¬ 
ture,  impurities,  dislocations,  and  structural 
changes,  such  as  twinning  and  flow,  on  the 
strength  of  ceramics  have  been  the  subject  of 
many  studies.  References  114  through  116  sum¬ 
marize  the  results  of  these  studies  and  show 
that  other  factors  such  as  prior  thermomechani¬ 
cal  history  and  environment  also  affect  strength. 
References  116  through  117  summarize  the 
various  theories  on  the  mechanism  of  fracture 
in  ceramic  materials. 


A  ceramic  radome  becomes  weaker  if  its  sur¬ 
face  is  interrupted  by  sharp  discontinuities, 
notches,  or  holes.  As  discussed  in  Paragraph  1-3, 
such  items  are  usually  required  in  the  attach¬ 
ment.  eren.  The  structural  analysis  of  attach¬ 
ments  must  consider  the  reduction  in  strength 
caused  by  such  discontinuities.  References  118 
through  121  present  data  on  the  notch  sensi¬ 
tivity  of  metallic  and  dielectric  materials,  which 
show  that  the  stress  concentration  factor  in¬ 
creases  (strength  decreases)  as.the  notch  radius 
becomes  smaller.  Thus,  holes  and  notches  having 
small  radii  must  be  avoided  if  the  intrinsic 
strength  of  the  material  is  to  be  retained. 

The  development  of  methods  to  correct  for 
or  minimize  the  electrical  degradation  produced 
by  the  radome  has  resulted  in  grinding  the  wall 
to  a  thickness  that  varies  in  both  the  axial  and 
the  circumferential  directions.  In  designing 
such  corrections,  the  resultant  stress  concen¬ 
tration  factors  must  be  considered.  Thus,  if 
strength  is  to  be  maintained,  wall  thickness 
should  be  made  to  vary  in  a  gradual  taper  and 
not  by  a  discrete  series  of  steps.  Other  methods 
of  minimizing  electrical  degradation,  such  as 
the  use  of  metallic  and  dielectric  rings  and 
anisotropic  devices  attached  to  the  inner  surface 
of  the  wall,  can  impair  the  structural  reliability 
of  the  radome.  If  the  rings  used  to  reduce  elec¬ 
trical  errors  do  not  have  an  expansion  coeffi¬ 
cient  identical  with  that  of  the  radome,  a  tensile 
cr  compressive  stress  can  be  established  in  the 
bonding  material.  This  stress  can  cause  bond 
failure  or,  if  the  bond  does  not  fail,  it  can 
increase  the  stress  in  the  radome  wall. 


REFERENCES 


1.  Techniques  for  Airborne  Radome  Design, 
edited  by  T.  E.  Tice,  WADC  Technical 
Report  67-67,  Wright-Patterson  Air 
Force  Base,  Ohio  (ASTI A  Document  No. 
AD  142001),  September  1967. 

2.  Wolin,  S.  Theory  of  Lossy  High-Incidence 
Radomes,  Report  NADC  EL-5116,  U.  S. 
Naval  Air  Development  Center,  Johns- 
ville,  Pennsylvania  (ASTIA  Document 
No.  ATI-150626),  January  16,  1962. 

3.  Wolin,  S.  Electrical  Design  of  Lossy  High- 
Incidence  Radomes,  Report  ADC-EL-123- 


50,  U.  S.  Naval  Air  Development  Center, 
Johnsville,  Pennsylvania  ASTIA  Docu¬ 
ment  No.  82721),  July  11,  1950. 

4.  Caldwell,  O.  G.,  and  Gdula,  R.  A.  The 
Development  of  Microcellular  Alumina 
Ceramics  for  Broadband  Radome  Appli¬ 
cations,  International  Pipe  and  Ceramic 
Corporation,  Los  Angeles,  California,  July 
24,  1962, 

6.  Caldwell,  O.  G.  "Ceramic  Porous-Core 
Laminates  for  Broadband  Radar  Ra¬ 
domes,”  ASD-TDR-62-676,  Proc.  ASD- 


71 


OSU  Symposium  on  Electromagnetic 
Windows,  Vol  1,  July  1962. 

6.  Loyet,  D.  L.,  and  Yoshitani,  R.  “Ceramic 
Sandwich  Radome  Design,”  Proc.  OSU- 
PTD  Symposium  or.  Electromagnetic 
Windows,  June  1964  (also  published  as 
Hughes  Aircraft  Company  document 
2786.3/294,  May  26,  1964) . 

7.  Cady,  Karelitz,  and  Turner.  Radar  Scan¬ 
ners  and  Radomes,  Vol.  10,  Radiation  Lab¬ 
oratory  Series,  McGraw-Hill  Book  Co., 
Inc.,  New  York,  1948. 

8.  Proc.  OSU-WjlDC  Radome  Symposium — 
Vol.  2,  WADu  TR-66-393,  Wright  Pater¬ 
son  Air  Force  Base,  Ohio  (ASTIA  Docu¬ 
ment  No.  AD  97160),  August  1956. 

9.  Blyseth,  M.  G.  "Computer  Design  and 
Optimization  of  Broadband  Structures 
with  Arbitrary  Dielectric  Distributions," 
ASD-TDR-62-676,  Proc.  ASD-OSU  Sym¬ 
posium  on  Electromagnetic  Windows,  Vol. 
1,  July  1962. 

10.  Gates,  Lent,  and  Wheeler.  Reentry  Mate¬ 
rials  Research— MACH  10  Radomes  and 
Reentry  Decoys,  Report.  SRS-648,  Hughes 
Aircraft  Company,  Culver  City,  Califor¬ 
nia,  February  1964. 

11.  Bonney,  E.  A.  Engineering  Supersonic 
Aerodynamics,  McGraw-Hill  Book  Co., 
Inc,,  New  York,  1961. 

12.  Weinberger,  T.,  and  Orabona,  J.  F.  15th 
Reference  Bibliography — Radomes,  Part 

I,  Unclassified  reports,  Lincoln  Laboratory 
Library,  Massachusetts  Institute  of  Tech  • 
nology,  January  30,  1963. 

13.  Weinberger,  T.,  and  Orabona,  J.  F.  15th 
Reference  Bibliography — Radomes,  Part 

II,  classified  reports,  Lincoln  Laboratory 
Library,  Massachusetts  Institute  of  Tech¬ 
nology,  February  28,  1963. 

14.  Nielsen,  J,  N.  Missile  Aerodynamics, 
McGraw-Hill  Book  Co.,  Inc.;  New  York, 
1960. 

16,  Laitone,  E.  V.  “Linearized  Subsonic  and 
Supersonic  Flow  about  Inclined  Slender 
Bodies  of  Revolution,”  J.  Aeronaut.  Sci., 
Vol.  14,  No.  11,  November  1947. 

16.  Handbook  of  Supersonic  Aerodynamics, 
NAVORD  Report  1488,  Bureau  of  Ord¬ 
nance,  Navy  Department,  Washington, 
D.  C„  1960. 

17.  Stoney,  W.  E.,  Jr.  Collection  of  Zero-Left 


Drag  Data  on  Bodies  of  Revolution  from 
Frce-Flight  Investigations,  NACA  Tech¬ 
nical  Note  4201,  January  1958. 

18.  Jorgensen,  L.  H.  Correlation  of  the  Hyper¬ 
sonic  Similarity  Hule  of  Pressure  Distri¬ 
butions  and  Wave  Drags  for  Minimum 
Drag  Nose  Shapes  at  Zero  Angle  of  At¬ 
tack,  NACA  Research  Memorandum 
A68F12,  August  31,  1963. 

19.  Sommer,  S.  L.,  and  Stork,  J.  A.  The  Effect 
of  Bluntness  on  the  Drag  of  Spherical- 
Tipped.  Truncated  Cones  of  Fineness 
Ratio  S  at  Mach  Numbers  1.2  to  74, 
NACA  Research  Memorandum  A62B13, 
April  25,  1952. 

20.  Barhydt,  H.  Dual-Mode  Guidance  Tech¬ 
niques,  Ryant  SRS  3-335,  Hughes  Air¬ 
craft  Company,  Culver  City,  California, 
December  1,  1959. 

21.  Loyet,  D.  L„  and  Nolte,  L.  J.  “Hypersonic 
Radome  Design,”  Proc.  OSV-WADD  Sym¬ 
posium  on  Electromagnetic  Windows,  Vol. 
3,  WADD  TR  60-274,  June  1960. 

22.  Schmidt,  II.  A  Manual  for  Determining 
Aerodynamic  Heating  of  High-Speed  Air¬ 
craft,  Report  7006-3352-001,  Bell  Aircraft 
Corp,,  Buffalo,  New  York,  June  1959. 

23.  “Creep,  Ablation  and  Thermal  Stress,” 
Lecture  Notes,  Course  853AB,  University 
of  California  at  Los  Angeles,  June  1963. 

24.  Fields,  A.  "The  Calculation  of  Local  Hy- 
personic  Environments,”  ASD-TDR-62- 
676,  Proc ,  ASD-OSU  Symposium  on  Elec¬ 
tromagnetic  Windows ,  July  1962. 

25.  Bloom,  M,  H„  et  al.  Aerodynamic  and 
Structural  Analyses  of  Radome  Shells, 
Vols,  I  and  II,  WADD  Technical  Report 
69-22,  Gruen  Applied  Science  Labora¬ 
tories,  West  Hempstead,  New  York,  Feb¬ 
ruary  1961, 

26.  Loyet,  D.  L.,  and  Leviton,  E.  S,  "Pro¬ 
gramming  Thermul  Stress  Equations  on 
the  IBM  7090  Digital  Computer,”  ASD- 
TDR-G76,  Proc.  ASD-OSU  Symposium  on 
Electromagnetic  Windows,  July  1962. 

27.  Eisen,  D.,  and  Magnus,  D.  E,  “Structural 
Investigations  of  Advanced  Electromag¬ 
netic  Windows,”  ASD-TDR-62-676,  Proc. 
ASD-OSU  Symposium  on  Electromagnetic 
Windows,  July  1962. 

28.  Proc,  OSU -WADD  Symposium  on  Elec¬ 
tromagnetic  Windows,  WADD-TR-60-274, 
June  1960. 


72 


29.  Huth,  J.  H.  “Thermal  Stresses  in  Conical 
Shells,”  J.  Aeronaut.  Sci.,  Vol.  20,  No.  9, 
September  1963,  pp.  613  to  616. 

30.  Gatewood,  B,  E.  Thermal  Stresses, 
McGraw-Hill  Book  Co.,  Inc.,  .New  Kork, 
1967. 

31.  Boley,  B,  A.,  and  Weiner.  J.  H.  Theory  of 
Thermal  Stress,  John  Wiley  and  Sons, 
Inc.,  New  York,  1960. 

32.  Jimoshenko,  S.,  and  Goodier,  J.  N.  Theory 
of  Elasticity,  2nd  Edition,  McGraw-Hill 
Book  Co„  Inc.,  New  York,  1961. 

,_53.  Rubin,  Fahrenholtz,  and  Larah.  “Design 
Criteria  for  Aerodynamic  Windows,” 
Proc.  OSU-WADD  Symposium  on  Elec¬ 
tromagnetic  Windows,  June  1960,  WADD 
TR  60-274,  Vol.  II. 

34.  Stalder,  J.  R.,  and  Helner,  V.  N.  Heat 
Transfer  from  a  Hemisphere-Cylinder 
Equipped  with  Flow-Separation  Spikes, 
NACA  TN3287,  September  1964. 

86.  Bogdonoff,  S.  M.,  and  Vas,  I.  E.  “Prelim¬ 
inary  Investigations  of  Spike  Bodies  at 
Hypersonic  Speeds,"  J.  Aerospace  Sci., 
Vol.  26,  No.  2,  pp.  65-74,  February  1969. 

36.  Seaman,  C.  E.  Shape  Study:  Boresight 
Error  Fs.  Radome  Contour,  Hughes  Air¬ 
craft  Company,  Culver  City,  California, 
Report  4564/164,  September  1968. 

37.  Ferri,  A.,  and  Bloom,  M.  H.  Cooling  by 
Jets  Directed  Upstream  in  Hypersonic 
Flow,  WADC  TN-56-382  (ASTIA  Docu¬ 
ment  No.  AD  97232),  September  1967. 

38.  Gazley,  C.  Heat  Transfer  Aspects  of  the 
Atmospheric  Reentry  of  Long-Range  Bal¬ 
listic  Missiles,  Report  R-273,  The  Rand 
Corporation,  Santu  Monica,  California, 
April  1969. 

39.  Adams,  M.  C.  “Recent  Advances  in  Abla¬ 
tion,"  ARS  Journal,  pp.  626-672,  Septem¬ 
ber  1969. 

40.  Applications  of  Plastic  Materials  in  Aero¬ 
space,  Chemical  Engineering  Progress 
Symposium  Series,  Vol.  69,  No.  40,  Ameri¬ 
can  Institute  of  Chemical  Engineers,  May 
1963. 

41.  Kimniel,  B.  G.,  and  Robertson,  G.  D. 
"Dielectric  Louding  of  Radome  Fabrica¬ 
tion  Materials, ”  Proc.  OSU-WADC  Ra¬ 
dome  Symposium,  Vol.  2,  WADC  TR  58- 
272,  June  1968. 

42.  Materials  Handbook,  6th  Edition,  Corning 


Glass  Works,  Corning,  New  York,  April 
1963. 

43,  Walton,  J.  D.,  Jr.,  and  Poulos,  N.  E.  Slip- 
Cast  Fused  Silica,  Special  Report  No. 
43,  Engineering  Experiment  Station, 
Georgia  Institute  of  Technology,  Atlanta, 
Georgia,  1964, 

44.  Spearman,  F.  R.  J.  “A  Summary  of  Re¬ 
search  ar.d  Development  Work  Proceed¬ 
ing  in  Great  Britain,”  Proc.  OSU-WADD 
Symposium  on  Electromagnetic  Windows, 
Vol.  3,  WADD  TR-60-274,  June  1960. 

46,  Norin,  T.  L.  “Tfi?  Measured  Electrical 
Characteristics  of  Several  Hypersonic 
Ablative  Materials  and  Some  Nonablative 
High  Temperature  Radome  Materials,” 
Proc,  OSU-RTD  Symposium  on  Electro¬ 
magnetic  Windows,  June  1964. 

46.  Basilin,  P.  J.,  Litant,  I.,  and  Walker,  B.  M. 
“Dielectric  Materials  for  Hypersonic  Re¬ 
entry  Applications,”  Proc.  OSU-RTD 
Symposium  on  Electromagnetic  Windows, 
June  1964. 

47.  Handbook  of  Geophysics,  Revised  Edi¬ 
tion,  The  MacMillan  Book  Co.,  New  York, 
1960. 

48.  Strain,  R.  N.  C.  "Quantitative  Assessment 
of  Rain  Erosion,”  Proc.  OSU-WADC  Ra¬ 
dome  Symposium,  Vol.  1,  WADC  TR-68- 
272,  June  1958. 

49.  Ceram  Radome  Evaluation  Report,  Report 
TG  249-1,  The  Johns  Hopkins  University, 
Applied  Physics  Laboratory,  Silver 
Springs,  Maryland,  June  1965. 

50.  Beltran,  A.  A.  Rain  Erosion  at  Subsonic 
and  Supersonic  Speeds:  An  Annotated 
Bibliography,  Special  Bibliography  SB- 
62-6,  Lockheed  Missiles  and  Space  Divi¬ 
sion,  Sunnyvale,  California,  March  1962. 

61.  Allen,  J.  W.  Supersonic  Radome  Rain 
Erosion  Testing  and  Design  Criteria,  Re¬ 
port  SCTM' 280-62  (14),  Sandia  Corpora- 
tion,  Albuquerque,  New  Mexico,  January 
1963. 

62.  Tables  for  the  Design  of  Missiles,  Vol.  17, 
The  Annals  of  the  Computation  Labora¬ 
tory,  Harvard  University  Press,  1948. 

63.  Reruns,  Gier,  and  Dankle.  "Comparison  of 
Total  Emittances  with  Values  Computed 
from  Spoctral  Measurements, ”  Trans. 
ASME,  pp.  1407-1416,  October  1968. 

64.  Munson,  S.  S.,  and  Smith,  R.  W.  Quan¬ 
titative  Evaluation  of  Thermal  Shock  Re¬ 


ft 


siatance,  NACA  Lewis  Flight  Labora¬ 
tory,  Cleveland,  Ohio,  Paper  No.  54-A- 
263  presented  at  Annual  Meeting,  ASME, 
New  York,  November  28  to  December  3, 
1964. 

65.  Campbell,  I.  E.  High  Temperature  Tech¬ 
nology,  John  Wiley  and  Sons,  Inc.,  New 
York,  1966. 

56.  Walker,  R.  F.,  and  Lief,  0.  0.  An  Evalua¬ 
tion  of  Ceramic  Materials  for  Applica¬ 
tions  as  Flameholders,  WADC  TR-54- 
234,  December  1954. 

67.  Walton,  J.  D.,  Jr.,  and  Poulos,  N.  E. 
“Fused  Silica  for  Reentry  Radomes,” 
Proc.  OSU-RTD  Symposium  on  Electro¬ 
magnetic  Windows ,  June  1964. 

68.  “Rain  Erosion  Testa,  15  to  22  November 
1961,”  personal  communication  from 
M.-  J.  Madigan  (U.S.  NADC)  to  D.  L. 
Loyet  (Hughes  Aircraft  Company), 
March  9,  1962. 

59.  Ceramic  Systems  for  Missile  Stn/.ctural 
Applications,  Summary  Report  No.  1, 
Contract  NOw  63-0143-d,  Engineering 
Experiment  Station,  Georgia  Institute  of 
Technology,  Atlanta,  Georgia,  October  31, 
1963. 

60.  Reinell,  A.  C.  Shrike  Radome  Rain  Ero¬ 
sion  Tests,  Technical  Note  4021-64-2, 
Naval  Ordnance  Test  Station,  China  Lake, 
California,  March  19, 1963. 

61.  Guarini,  J.  F,  “Rain  Erosion  Sled  Tests,” 
Proc.  OSU-RTD  Symposium  on  Electro¬ 
magnetic  Windows,  June  1964. 

62.  diToro,  J.  A.  Graphs  of  Transmission  and 
Phase  Data  of  Plane  Dielectric  Sheets  for 
Radome  Design,  U.S.  Naval  Air  Develop¬ 
ment  Center  Report  No.  NADC-EL-5313, 
1  July  1953  (ASTI A  Document  No.  AD 
45316). 

63.  diToro,  JJA.  Supplementary  Graphs  of 
Transmission  and  Phase  Delay  of  Plane 
Dielectric  Sheets  and  Sandwich  Construc¬ 
tions  for  Radome  Design,  U.S.  Naval  Air 
Development  Center  Report  No.  NADC- 
EL-5313,  (ASTI A  Document  No.  AD 
45543),  June  16,  1954. 

64.  Coling,  F.  L.  “The  Problems  in  the  Design 
of  a  Thin-Wnll  Ceramic  Radome,”  Proc. 
ASD-OSU  Symposium  on  Electromag¬ 
netic  Windows,  Vol.  1,  ASD-TDR-62-67G, 
July  1962. 


65.  Loyet,  D.  L.,  and  Stevens,  S.  “A  Compari¬ 
son  of  Thin-Wall  and  Half-Wavelength 
Ceramic  Radomes,”  Proc.  ASD-OSU  Sym¬ 
posium  on  Electromagnetic  Windows,  Vol. 
1,  ASD-TDR-62-676,  July  1962. 

66.  Kotik,  J.  Some  Remarks  on  Thin  Dielec¬ 
tric  Walls,  Report  No.  12283-8M,  McMil¬ 
lan  Laboratories,  Ipswich,  Massachusetts, 
March  15,  1953. 

67.  Perry,  H.  A.  "Stresses  in  Adhesive 

Joints,”  Prod.  Eng.,  pp.  64-66,  July  7, 
1958.  \ 

68.  Perry,  H.  A.  Adhesive  Bonding  for 
Fibrous  Glass-Reinforced  Plastics,  Mc¬ 
Graw-Hill  Book  Co.,  Inc.,  New  York,  1958. 

69.  Pedigo,  A.  Radome  Handbook,  2nd  Edi¬ 
tion,  Coors  Porcelain  Co.,  Golden,  Colo¬ 
rado,  1962. 

70.  Zisman,  W.  A.  “Influence  of  Constitution 
on  Adhesion,”  Ind.  and  Eng.  Chem.,  Vol. 
55,  No.  10,  pp.  18-38,  October  1963. 

71.  Pedigo,  A.  Final  Report  on  Large  Ceramic 
Radomes  Manufactured  by  Dry-Isostatic 
Pressing  Techniques,  Report  No.  ASD- 
TDR-62-967,  Wright-Patterson  Air  Force 
Base,  Ohio,  1963. 

72.  Guttmann,  W.  H.  Concise  Guide  to  Struc¬ 
tural  Adhesives,  Reinhold  Publishing 
Corp.,  New  York,  1961. 

73.  Seaman,  C.  E.  "Mounting  Ring  Design  for 
Ceramic  Radomes,”  Proc.  ASD-OSU  Sym¬ 
posium  on  Electromagnetic  V/indows, 
Vol.  1,  ASD-TDR-62-676,  July  1962. 

74.  Sutherland,  R.  D.  “Thermo-Mechanical 
Testing  of  a  •  Terrier/Tartar  Radome,” 
Proc.  OSV-WADD  Symposium  on  Elec¬ 
tromagnetic  Windows,  Vol.  2,  WA.DD-TR- 
60-274,  June  1960. 

75.  Noltimer,  R.  L.,  and  Oken,  S.  “Attaching 
a  Ceramic  Radome,”  Proc.  OSU-WADD 
Symposium  on  Electromagnetic  Windows, 
Vol.  1,  WADD  TR-60-274,  June  1960. 

76.  Wilson,  F.  M.,  and  Long,  R.  A.  Alumina 
Radome  Attachment — Part  II,  Mechani¬ 
cal,  ASD-TDR-62-545,  Part  2,  February 
1963. 

77.  Long,  Wilson,  and  Gaughey.  "Advanced 
Design  of  Attachments  for  Alumina 
Ceramic  Electromagnetic  Windows  for 
up  to  2500',F  Environments,”  Proc.  ASD- 
OSU  Symposium  on  Electromagnetic  Wm- 
dows,  Vol.  1,  ASD-TDR-62-676,  July  19G2. 


74 


78.  General  Specification  for  Radomes,  Mili¬ 
tary  Specification  MIL-R-7705  (ASG), 
January  12, 1966, 

79.  Standards  of  the  Alumina  Ceramic  Manu¬ 
facturers  Association ,  Alumina  Manufac¬ 
turers  Association,  New  York,  1961, 

80.  ASTM  Standards,  American  Society  for 
Testing  Materials,  Philadelphia,  1963. 

81.  Rocket  Sled  Design  Handbook,  Istracon 
Report  No.  60-1,  Air  Research  and  De¬ 
velopment  Command,  January  1960. 

82.  Rain,  ASTIA  Bibliography  RB-8838, 
November  195B. 

83.  Willey,  G.  Rain  Erosion  of  Materials  in 
Spacecraft .  and  Aircraft,  Bibliography, 
January  1963  through  May  1968,  Defense 
Documentation  Center  Report  ARB-16- 
993  (AD-387131). 

84.  Franc!,.  J.,  and  Kingery,  W.  D.  “Appa¬ 
ratus  for  Determining  Conductivity  by  a 
Comparative  Method,”  J.  Am.  Ceramic 
Soc.,  Vol.  37,  p.  80,  1964. 

85.  Ruh,  E.  “Improved  Method  of  Measuring 
Thermal  Conductivity  of  Dense  Ce¬ 
ramics,”  J.  Am.  Ceramic  Soc.,  Vol.  37,  p. 
224,  1954. 

86.  The  Testing  of  Mycalex  and  Alumina  Ra¬ 
domes,  Hughes  Aircraft  Company,  Culver 
City,  California,  November  1968. 

87.  Wicklein,  H.  W.  Thermal  Emissivity 
Study  of  Several  Radome  Materials, 
Hughes  Aircraft  Company,  Culver  City, 
California,  Research  Study  238,  June 
238,  June  1969. 

88.  Blau,  Miles,  and  Ashman.  The  Thermal 
Radiation  Characteristics  of  Solid  Mate¬ 
rials  —  A  Review,  AFCRC-TN-58-132, 
ASTIA  Document  No.  AD  146833,  March 
31,  1968. 

89.  Olson,  0.  H.,  and  Morris,  J.  C.  Determina¬ 
tion  of  Emissivity  and  Reflectivity  Data 
on  Aircraft  Structural  Materials,  Part  HI 
— Techniques  for  Measurement,  WADC- 
TR-66-222,  April  1960. 

90.  Crandall,  W.  B„  and  Ging,  J.  “Thermal 
Analysis  of  Spherical  Shapes,”  J.  Am. 
Ceramic  Soc.,  Vol.  38,  pp.  44-54,  January 
1966. 

91.  Luoma,  E.  J.,  and  Shand,  E.  B.  “Thermal 
Shock  Resistance,"  Aerospace  Eng.,  Vol. 
18,  No.  6,  June  1969. 

92.  Pedigo,  A.  "Resistance  to  Impact  and 


Thermal  Shock  by  Solid  Alumina  Ra¬ 
domes, ’  Proc.  ASD-OSU  Symposium  on 
Electromagnetic  Windows,  Vol.  1.  ASD- 
TDR-62-676,  July  1962. 

93.  Rayburn,  L.,  and  Einarson,  M.  “Thermal 
Shock  Testing  of  Coramic  Radomes," 
Proc.  OSU-WADD  Symposium  on  Elec¬ 
tromagnetic  Windows,  Vol.  1,  WADD- 
TR-60-274,  June  1960. 

94.  Baer,  Gates,  and  Robertson.  Ceramic  Ra¬ 
dome  Evaluation,  OSU-WADC  Radome 
Symposium,  WADC-TR-68-272,  Vol.  I, 
ASTIA  Document  No.  AD  166831,  June 
1968. 

96.  Gravellese,  A.  W.  Thermal  Stress  Tests  of 
Pyroceram  Shells,  Technical  Memoran¬ 
dum  RAD-TM-61-1,  AVCO  Corporation, 
Wilmington,  Massachusetts,  March  6, 
1961. 

96.  Tests  of  the  HT-S  Terrier  Radome  in  the 
Slowdown  Facility  for  General  Dynamics, 
Pomona,  Report  063,  Ordnance  Aerody¬ 
namics  Laboratory,  June  6,  1962. 

97.  Electrical  Test  Procedure  for  Radomes 
and  Radome  Materials,  Report  ARTC-4, 
Aerospace  Industries  Association  of 
America,  Inc.,  Los  Angeles,  California, 
July  30,  1960. 

98.  Von  Hippul,  A.  Dielectric  Materials  and 
Applications,  John  Wiley  and  Sons,  Inc„ 
Ne  w  York,  1964, 

99.  Zellner,  Pentecost,  and  Eliason.  "Accurate 
Microwave  Measurements  of  Dielectric 
Properties  to  Temperatures  of  1600°C,” 
Proc.  ASD-OSU  Symposium  on  Electro¬ 
magnetic  Windows,  Vol.  1,  ASD-TDR-62- 
676,  July  1962. 

100.  Langenberg,  D.  N.,  and  Lengyel,  B.  A. 
Resonant  Cavity  Dialect rameters,  Report 
4W10-314,  Hughes  Aircraft  Company, 
Culver  City,  California,  October  1,  1966. 

101.  Hope,  H,  R„  and  Bayless,  W.  W.  “Dielec¬ 
tric  Measurements  at  High  Tempera¬ 
tures,"  Proc,  OSU-WADC  Radome  Sym¬ 
posium,  Vol.  1,  WADC-TR-68-272,  Juno 
1968,  ASTIA  Document  No.  AD  166331. 

102.  Sutton,  R.  W.,  and  Grechny,  N.  "Design 
and  Development  of  a  High-Temperature 
Resonunt  Cavity  Dielectrometer,”  Proc. 
OSU-WADD  Symposium  on  Electromag¬ 
netic  Windows,  Vol.  1,  WADD-TR-60-274, 
June  1960. 


75 


103.  Moses,  II.  E.,  and  deRidder,  C.  M.  Prop¬ 

erties  of  Dielectrics  from  Reflection  Coef¬ 
ficients  in  One  Direction,  Lincoln  Labora¬ 
tory  Up  port  Mmui'IiiiwHii  InflHtijta 

of  Technology,  Lexington,  Maas.,  July  11, 
1963. 

104.  Mechanical  Test  Procedures  for  Radomes 
and  Radome  Materials,  Report  ARTC-3, 
Aerospace  Industries  Association  of 
America,  Inc.,  Los  Angelea,  California. 

106.  Sandwich  Construction  and  Core  Mate¬ 
rials,  General  Test  Methods,  Military 
Specification  MIL-STD-401,  September 
20,  1967. 

106.  Spinner,  S.  "Elastic  Moduli  of  Glasses  by 
a  Dynamic  Method,"  J.  Am.  Ceramic  Soc., 
Vol.  37,  No.  6,  pp.  229-234,  May  1964. 

107.  Briggs,  P.  D.  Elastic  Properties  of  Oxide 
Ceramics  by  an  Improved  Sonic  Test 
Method,  Research  Report  63-1,  doors 
Porcelain  Company,  Golden,  Colorado, 
May  8, 1963. 

103.  Boris,  S.  A.,  and  Lund,  II.  II.  Mechanical 
Properties  of  Engineering  Ceramics,  In¬ 
terscience  Publishers,  Inc.,  New  York, 
1961. 

109.  Manson,  S.  S.  Behavior  of  Materials  Un¬ 
der  Conditions  of  Thermal  Stress,  Report 
1170,  National  Advisory  Committee  for 
Aeronautics,  1964. 

110.  “Symposium  on  Thermal  Fracture,”  J. 
Am.  Ceramic  Soc.,  Vol.  38,  January 
1966. 

111.  Shaffer,  Hasselman,  and  Chaberski.  Fac¬ 


tors  Affecting  the  Thermal  Shock  Re¬ 
sistance  of  Polyphase  Ceramic  Bodies, 
WADD-TR-60-749,  Part  I,  February  1961. 

112.  BBanlmor  T)  p  W  ntn/J  ShwfTCT  p  fin  t> 

Factors  Affecting  the  Thermal  Shock  Re¬ 
sistance  of  Polyphase  Ceramic  Bodies, 
WADD-TK-60-749,  Part  II,  April  1962. 

113.  Pearl,  ct  al.  Refractory  Inorganic  Mate¬ 
rials  for  Structural  Applications,  WADC- 
TR-59-482,  February  1960. 

114.  Smiley,  at  al.  Mechanical  Property  Sur¬ 
vey  of  Refractory  Nonmetallic  Crystal¬ 
line  Materials  and  Intermetallic  Com¬ 
pounds,  WADC-TR-69-448!,  January  1960. 

115.  Weil,  N.  A.  Studies  of  the  Brittle  Beha¬ 
viour  of  Ceramic  Materials,  ASD-TR-61- 
628,  Part  I,  April  1962. 

116.  Weil,  N.  A.  Studies  of  the  Brittle  Beha¬ 
viour  of  Ceramic  Materials,  ASD-TR-61- 
628,  Part  II,  April  1963. 

117.  Kinslow,  R,  Properties  of  Spherical  Stress 
Waves  Produced  by  Hypervelocity  Im¬ 
pact,  AEDC-TDR-63-197,  October  1963. 

118.  Langer,  B.  F.  "Application  of  Stress  Con¬ 
centration  Factors,”  The  Bettis  Technical 
Review. 

119.  Peterson,  R.  E.  Stress  Concentration  De¬ 
sign  Factors,  John  Wiley  and  Sons,  Inc., 
New  York,  1963. 

120.  Savin,  G.  Stress  Concentration  Around 
Holes,  Pergamon  Press,  New  York,  1961. 

121.  Weiss,  et  al.  The  Effect  of  Stress  Concen¬ 
tration  on  the  Fracture  and  Deformation 
Characteristics  of  Ceramics  and  Metals, 
ASD-TDR-63-380,  April  1963. 


76 


CHAPTER  2 


RADOME  DESIGN— ELECTRICAL 


by  Dr.  J.  H.  Richmond 
Department  of  Electrical  Engineering 
The  Ohio  State  University 
Columbus  IS,  Ohio 


77 


SYMBOLS 


A  A  constant 

B  A  constant 

C  A  constant 

D  Wire  diameter ;  u  constant 

E  Electric  field  intensity ;  a  constant 

Ei  Incident  electric  field  intensity 

Et  Reflected  electric  field  intensity 

H  Magnetic  field  intensity 

Hi  Incident  magnetic  field  intensity 

H,  Reflected  magnetic  field  intensity 

IPD  Insertion  phase  delay 

J  A  constant 

K  A  constant 

L  A  constant 

L/D  Lift/drag  ratio 

M  A  constant 

N  A  constant 

Q  Figure  of  merit 

R  Reflection  coefficient  of  plane  sheet  or 
sandwich 

T  Transmission  coefficient  of  plane  sheet 

or  sandwich 

T8  Power  transmission  coefficient  of  plane 

sheet  or  sandwich 
a  Wavenumber 

d  Thicknesp  of  radome  wall 

d0  Core  thickness 

d.  Skin  thickness 

d.  Dipole  Ispacing,  x  direction 

d.  Dipole  spacing,  y  direction 

eJ"‘  Time  variation  factor 

f  Frequency 

h  Slant  cone  height 


k  Phase  constant 

k0  Phase  constant  of  free  space 

r  Radial  plane 

r„  Interface  reflection  coefficient,  exit 

surface 

ri  Interface  reflection  coefficient,  incidence 

surface 

ru  Radial  position  on  cone  measured  from 

the  base 

t  Interface  transmission  coefficient 

tan  8  Loss  tangent 

a  Full  cone  angle 

t  Dielectric  constant 

«„  Core  dielectric  constant,  relative 

er  Dielectric  constant,  relative 

(„  Dielectric  constant  of  free  space 

e,  Skin  dielectric  constant,  relative 

t  Complex  dielectric  constant 

t.  Complex  dielectric  constant,  exit  surface 

ei  Complex  dielectric  constant,  incidence 

surface 

9  Angle  of  incidence 

0b  Brewster  angle 

0r  Angle  of  refraction 

Match  angle 

X  Wavelength  in  dielectric  material 

X0  Wavelength  in  free  space 

p  Permeability 

Po  Permeability  of  free  space 

p.  Permeability,  relative 

co  Angular  frequency 

<f>  (27rd,/X0)  \/e,  —  sin2  0 

:fH>  Azimuthal  position  on  a  cone 
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CHAPTER  2 

RADOME  DESK?  -ELECTRICAL 


In  this  .hapter,  the  electrical  design  tech¬ 
niques  for  aircraft  and  missile  radomes  since 
1967  are  surveyed,  thereby  providing  a  supple¬ 
ment  to  Reference  1,  Techniques  for  Airborne 
Radome  Design.  Materials  gathered  from  un¬ 
classified  sources  comprise  the  techniques  pre¬ 
sented  in  this  chapter  to  make  the  chapter  of 
use  to  the  largest  group  of  radome  designers. 
Although  this  has  resulted  in  the  omission  of 
some  important  data,  it  has  not  seriously  in¬ 
hibited  the  discussion  of  design  techniques. 
Furthermore,  references  are  given  to  both  clas¬ 
sified  and  unclassified  publications  to  assist  the 
radome  designer  in  additional  research, 

The  scarcity  of  unclassified  reports  on  (1) 
combination  radome-irdomes,  and  (2)  reduc¬ 
tion  of  boresight  error  effects  by  flight  control 
system  modification  make  it  impractical  to  in¬ 
clude  paragraphs  on  these  important  topics. 
Hov  e  wr,  references  are  included. 


2-1  ELECTRICAL  DESIGN  TECHNIQUES 

The  electrical  design  studies  of  electromag¬ 
netic  windows  and  radomes  are  concerned  pri¬ 
marily  with  techniques  for  minimizing  the 
effects  of  a  radome  wall  configuration  on  the 
electrical  performance  of  an  antenna  system. 
The  following  paragraphs  discuss  the  various 
types  of  designs,  including  the  thin  wall,  half¬ 
wave,  sandwich.  multilayer  radomes. 


2  1 .1 .  GENERAL  DESIGN  CONSIDERATIONS 

Chapter  1  defined  a  radome  and  described  the 
various  types  of  wall  construction  This  chapter 
is  concerned  with  the  electrical  design  for  these 
types  (Reference  2). 


It  is  of  interest  to  mention  some  of  the  limi¬ 
tations  that  apply  to  the  use  of  the  radome  wall 
structures.  When  used  at  rather  high  frequen¬ 
cies,  the  thin-wall  radome  has  poor  transmission 
efficiency  for  perpendicular  polarization  at  high 
angles  of  incidence.  The  half-wave  radome  has 
an  inadequate  bandwidth  for  some  applications, 
but  this  can  be  improved  by  using  a  material, 
such  as  fused  silica,  which  has  a  low  dielectric 
constant.  The  multilayer  sandwiches  and  the 
continuously  inhomogeneous  radomes  are  rather 
difficult  to  manufacture,  particularly  when  high- 
temperature  materials  must  be  employed.  In  the 
design  of  a  “B”  sandwich,  it  may  be  a  problem 
to  find  a  skin  material  that  has  a  relatively  low 
Ui  ’pctrio  constant,  high -temperature  capabili¬ 
ties,  adequate  rain-erosion  resistance,  and  re¬ 
sistance  to  moisture  absorption. 


2-1.2  THIN-WALL  RADOME  DESIGN 

The  design  of  radomes  for  hypersonic  vehicles 
involves  aerodynamic,  structural,  and  electrical 
requirements  that  often  result  in  an  ogive  shape 
and  a  half-wave  wall  configuration.  However,  at 
some  frequency  bands  and  for  some  vehicles,  it 
is  possible  to  employ  a  thin-wall  radome  with 
a  considerable  savings  in  weight.  A  thin-wall 
radome  is  defined  as  one  whose  thickness  is 
much  smaller  than  one-half  wavelength  in  the 
dielectric  (Reference  3). 

A  99.6  %  alumina  cer.  mic  material  has  been 
investigated  for  its  characteristics  as  a  thin- 
wall  radome.  Figure  2-1  shows  the  dielectric 
constant  and  the  loss  tangent  of  the  ceramic  as 
a  function  of  tempornture,  ranging  from  room 
temperature  to  2500°F.  Thu  dielectric  constant 
"ariation  is  from  9.6  to  11.1,  whereas  the  loss 
tangent  variation  is  from  0.0001  to  0.00016. 


79 


Figures  2-2  through  2-5  show  the  characteristics 
of  a  thin-wall  (0.03-in.)  alumina  radome  at 
4500  me  in  ine  C-banu,  auu  Figs.  2-C  through 
2-9  show  the  characteristics  of  a  0.025-in. 
alumina  radome  at  9000  me  in  the  X-band.  Room 
temperature  data  are  shown  by  the  solid  line 
curves  and  data  for  2500UF  are  shown  by  the 
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Figure  2-1 .  Electrical  Properties  of  99  J  %  Alumina 
Ceramic  Material 


dash  line  curves.  The  power  transmission  and 
phase  data,  obtained  with  the  aid  of  an  IBM 
■  CSC  digital  computer,  represent  the  average  for 


perpendicular  and  parallel  polarization. 

The  average  transmission  efficiency  of  the 
thin-wall  radome  decreases  steadily  as  the  angle 
of  incidence  increases.  Satisfactory  transmis¬ 
sion  is  obtained  for  incidence  angles  of  up  to 
60°  to  60°,  above  which  the  efficiency  drops  off 
rapidly.  Transmission  efficiency  also  decreases 
at  the  higher  temperatures  because  of  increased 
loss  tangent  und  dielectric  constant. 

Phase  data  are  important  in  the  design  of 
boresight  radomes.  Figures  2-4  through  2-9 
show  that  acceptable  phase  characteristics  can 
be  obtained  at  C-  and  X-bands  for  angles  of 
incidence  up  to  60°.  At  greater  angles,  the 
phase-shift  slope  ihcreases  sharply.  The  phase- 
shift  slopes  are  nearly  the  same  at  room  tem¬ 
perature  and  at  2600°F. 

Wall  thickness  tolerances  at  C-  and  X-bands 
are  shown  in  Figs,  2-3  through  2-9.  At  C-band, 
the  phase  variation  is  less  than  5  degrees  at  the 
highest  tolerance  considered,  which  was  ±0.003 
in.  About  the  same  variation  occurred  at  X- 
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Figure  2-2.  Broadband  Study  of  Average 
Tiantmiulon  Data  of  Very  Thin  Wall  at  C-Band 
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Figure  2-3.  Wall  Thickness  Tolerance  of  Average 
Transmission  Data  of  Very  Thin  Wall  at  C-Band 
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band.  Since  this  tolerance  can  be  controlled  in 
manufacturing,  it  docs  not  seem  to  be  a  critical 
factor  for  phase  variation  in  thin  walls.  If  tem¬ 
perature  is  taken  into  account,  the  phase  devia¬ 
tion  is  almost  doubled.  In  this  case,  it  is  de¬ 
sirable  to  reduce  the  allowable  tolerance  to 
±0.001  in.,  to  meet  the  electrical  requirements 
at  2600  °F. 

The  C-band  transmission  performance  does 
not  vary  significantly  up  to  a  tolerance  of 
±0.002  in.  With  temperature  considered,  only 
a  4%  variation  exists  up  to  an  incidence  angle 
of  50°,  A  transmission  efficiency  of  at  least  84% 
can  be  maintained  with  a  tolerance  of  ±0.003 
in.  At  X-band,  however,  a  tolerance  of  ±0.001 
in.  results  in  a  transmission  efficiency  of  less 
than  80%.  If  temperature  is  considered,  the 
transmission  is  reduced  to  approximately  71%. 

The  effect  of  frequency  tolerances  of  ±2,  ±6, 
±7.6  and  ±10%  was  studied  for  the  C-  and 
X-band  thin-wall  radomes.  Although  the  thin- 
wall  radome  has  a  smaller  bandwidth  at  X-band 
than  at  C-band,  the  changes  in  phase  shift  and 
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't-  flgur*  2-4.  Wall  Thickness  Tolerance  Study  of 

Phase  Data  a  I  Vary  Thin  Wall  at  C-Band 


transmission  efficiency  do  not  appear  to  be  ex¬ 
cessive  with  a  ’0%  change  in  frequency. 

Thus,  the  thin-wall  ceramic  radorne  at  <J-  and 
X-band  offers  the  advantages  of  weight  reduc¬ 
tion,  greater  bandwidth,  and  increased  toler¬ 
ances  sn  thickness. 

The  relative  merits  of  large  thin-wall  and 
half-wave  ogival  ceramic  radomes  with  a  high 
fineness  ratio  have  been  investigated  (Refer¬ 
ence  4).  The  results  of  this  comparison  are 
given  i''  Paragraph  2-2.  The  design  of  half¬ 
wave  ..omes  is  covered  in  Paragraph  2-1,3. 

2-1.3  HALF-WAVE  IADOME  DESIGN 

:  The  successful  design  techniques  employed 
for  the  half-wave  radome  of  the  P-106  airplane 
with  the  MA-1  fire  control  system  is  discussed 
because  of  its  usefulness  in  many  other  appli¬ 
cations  (Reference  6).  (Reference  6  presents 
another  useful  technique  for  half-wave  radome 
design.) 

The  initial  design  considerations  permit  an 
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Figure  2-5.  Broadband  Study  of  Phase  Data  of 
Vary  Thin  Wall  at  C-Band 


81 


AVERAGE  TRANSMISSION 
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Figure  2-6.  Broadband  Study  of  Average 
Transmission  Data  of  Thin  Wall  alX-Band 
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Figure  2-7.  Wall  Thlckneu  Study  of  Average 
Trantmlttlon  Data  of  Thin  Wall  at  X-Band 
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Figure  2-8,  Broadband  Study  of  Phase  Data  of 
Thin  Wall  at  X-Band 


0.0000 


1 0.001 


1 

• 

00  40 

ANGLE  OF  INCIDENCE  (DEGREES) 


50 

30 

10  w 
o°  i 


ANQi  E  OF  INCIDENCE  (DEGREES) 

- ROOM  TEMP 

- max  temp 

Figure  2-9.  Wall  Thltknets  Tolerance  Study  of 
Phase  Data  of  Thin  Wall  at  X-Band 


82 


AVERAGE  PHASE 


evaluation  of  the  effect  of  shape  on  boresight 
error,  although  radoine  shape  is  usually  baaed 
solely  upon  aerodynamic  considerations.  The  ac¬ 
tual  choice  of  shape  is  arrived  at  by  considering 
the  basic  boresight  error  characteristics  of  a 
group  of  half-wave  radomes  having  configura¬ 
tions  compatible  with  the  overall  aerodynamic 
requirements.  They  include  ogival  and  ex¬ 
ponential  power  curves,  the  latter  being  based 
on  area  rule  considerations.  As  a  result  of  this 
study,  an  ogival  radome  is  chosen. 

With  the  shape  fixed  as  a  specific  ogive,  the 
proper  nominal  wall  thickness  is  obtained  by 
design  analysis,  utilizing  the  theory  of  trans¬ 
mission  for  plane  sheets  and  an  incidence  angle 
study.  Calculations  are  made  to  optimize  the 
transmission  over  the  required  frequency  band. 
No  serious  attempt  is  made  to  calculate  the  ef¬ 
fects  of  the  pitdt-static  nose  boom  or  the  asso¬ 
ciated  hardware  in  determining  the  wall  thick¬ 
ness  of  the  initial  radome. 

With  the  shape  fixed  and  the  dielectric  con¬ 
stant  (5.2),  loss  tangent  (0.012),  and  nominal 
wall  thickness  chosen,  error  prediction  tech¬ 
niques  are  applied  to  determine  the  approxi¬ 
mate  maximum  errors  to  be  expected  from  the 
radome.  No  attempt  is  made  to  minimize  bore- 
sight  error  by  varying  the  thickness  of  the  ra¬ 
dome  wall  in  the  first  radome.  The  only  control 


exercised  over  boresight  error  was  achieved  by 
the  choice  of  shape.  The  actual  error  charac¬ 
teristics  for  the  two  principal  planes  are  ohowii 
in  Fig.  2-10,  along  with  the  predicted  errors. 
The  maximum  errors  range  from  2  to  4  milli- 
radians  for  Lhe  experimental  radome  as  com¬ 
pared  with  the  predicted  range  of  about  1  to  2 
milliradians.  Both  the  theoretical  calculations 
and  the  experimental  data  in  Fig.  2-10  are  ob¬ 
tained  for  the  case  of  no  boom  or  internal  hard¬ 
ware. 

Starting  with  a  radome  having  the  approxi¬ 
mate  nominal  wall  thickness  for  optimum  trans¬ 
mission  and  with  calculated  boresight  errors 
reasonably  close  to  those  desired,  the  next  step 
in  the  design  is  to  arrive  at  a  method  to  reduce 
the  total  boresight  error  and  error  rates  to 
within  acceptable  limits  when  the  boom  and  in¬ 
ternal  hardware  are  attached.  The  initial  step 
in  the  radome  correction  is  determined  by  a 
theoretical  analysis  in  preference  to  an  experi¬ 
mental  approach.  This  procedure  considers  the 
fact  that  the  antenna  platform  is  fixed  with 
respect  to  the  radome.  This  allows  for  a  sig¬ 
nificant  improvement  in  radome  performance 
by  essentially  avoiding  the  problem  of  having 
to  make  the  radome  vail  design  compatible  for 
any  orientation  of  the  polarization  vector.  The 
enclosed  antenna  is  horizontally  polarized.  Thus, 
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by  operating  independently  on  the  variations  in  extent,  having  a  uniform  thickness  d,  a  dielec- 

wall  thickness  along  two  principal  planes,  one  trk  constant  si  5.2,  and  a  loss  tangent  oi  0.0i2 

Horizontal  and  one  vertical,  it  is  possible  to  for  perpendicular  and  parallel  polarization.  It 

make  the  radome  essentially  electrically  sym-  should  be  noted  that  in  the  region  of  high  trana- 

metrical.  The  results  of  such  an  approach  are  mission,  as  shown  in  Figs.  2-11  and  2-12,  the 

twofold:  (1)  the  electrical  symmetry  of  the  ra-  difference  between  the  insertion  phase  delays 

dome  minimizes  depolarization  effects,  and  (2)  (IPD)  for  the  two  polarizations  is  minimized, 

the  performance  of  the  radome  in  terms  of  In  addition,  the  rate  of  change  of  IPD  as  a 

error  characteristics  as  a  function  of  frequency  function  of  thickness  for  a  constant  incidence 

can  be  truly  centered  within  the  desired  fre-  angle  is  greal  for  perpendicular  than  for 

quency  band.  parallel  polarization.  This  is  of  particular  in- 

The  families  of  curves  in  Figs.  2-tl  and  2-12  terest  since  it  permits,  for  a  crosstalk  error 

present  normalized  wall  thickness,  d/Ao,  plotted  analysis  of  a  radome,  a  determination  of 

as  a  function  of  incidence  angle;  0,  for  constant  whether  or  not  the  radome  wall  thickness  should 

values  of  insertion  phase  difference,  IPD,  and  be  varied  in  one  principal  plane  with  respect 

transmission,  T2,  with  a  free-space  wavelength  to  the  other.  This  can  best  be  illustrated  with 

of  ' ..  The  curves  are  based  on  the  analysis  of  the  aid  of  Fig.  2-13,  which  shows  the  associated 

the  transmission  of  a  plane  wave  through  a  cutting  planes  that  the  antenna  traverses  as  it 

plane,  homogeneous,  isotropic  sheet  of  infinite  sweeps  horizontally,  vertically,  or  in  a  com- 
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Figure/-)?.  d/X„  vs  Incident  Angie  for  Constant  Transmission  |T[J  and  Constant 
tPD,  Perpendicular  Polarization 
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Figure  2-12.  d/K,  va  Incident  Anglo  hr  Coni  lant  Trantmlttlon  |T|*  and  Constant 
ICO,  ParaHal  Polarization 


bination  of  horizontal  and  vertical  motion  along 
a  45°  plane.  It  ia  well  known  that  it  the  plane 
of  motion  of  the  antenna  with  respect  to  the 
radome  is  a  plane  of  symmetry  for  the  antenna- 
radome  combination,  there  will  be  no  deflection 
of  the  antenna  beam  above  or  below  this  plane. 
Thus,  for  the  case  shown  in  Pig.  2-13  with  the 
antenna  sweeping  either  in  the  horizontal  or  the 
vertical  plane,  the  only  direction  in  which  beam 
deflection  could  theoretically  occur  would  be  in 
the  direction  of  the  plane  of  motion.  This  as¬ 
sumes  that  the  radome  is  a  true  figure  of  revo¬ 
lution  and  the  antenna’s  radiated  field  is  sym¬ 
metrical  about  the  horizontal  and  vertical 
planes.  This  assumption  is  valid  since  the  ra¬ 
dome  is  a  true  figure  of  revolution,  except  at  the 
extreme  aft  end,  where  it  fairs  into  the  airplane 
contour.  1 

For  the  case  shown  in  Fig.  2-13,  where  the 
polarization  vector  is  parallel  to  the  horizontal 
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figure  2-13.  Cnd  View  of  Kadoma  and 
Cuffing  Plana t 


plane,  an  antenna  sweep  through  the  radome 
along  the  dashed  line,  noted  as  the  46°  plane,  in 
general,  produces  crosstalk  errors.  Although 
the  reuson  for  the  existence  of  crosstalk  error 
for  this  case  is  tairiy  obvious  to  one  familiar 
with  radome  design, , it  sometimes  escapes  the 
less  familiar  observer.  Since  the  ahsence  of 
crosstalk  error  implieq  point-to-point  sym¬ 
metry  above  and  below  the  antenna  cutting 
plane,  it  can  be  seen  with  the  aid  of  Fig.  2-13 
that  whon  the  antenna  is  sweeping  in  a  45°  plane 
and  looking  out  the  upper  right  side  of  the  ra¬ 
dome,  points  on  the  radome  near  the  top  edge 
and  the  right,  side  cf  the  radome  are  essentially 
equidistant  from  the  45°  plane.  Two  such  points, 
Pi  and  Pa,  are  shown.  Although  equidistant, 
what  occurs  when  the  antenna  is  gimballed  to 
look  out  the  upper  right  side  of  the  radome  is  dif¬ 
ferent  for  Pi  than  for  Pa,  In  the  region  of  PJ(  the 
incident  energy  has  perpendicular  polarization, 
whereas,  in  the  region  of  Pa,  it  has  parallel 
polarization.  Thus,  if  the  insertion  phase  de¬ 
lays  for  the  two  pplarizations  are  not  equal  at 


points  P,  and  Pa,  crosstalk  errors  can  exist  as 
the  antenna  is  gimballed  along  the  45"  cutting 
plane.  For  a  specific  untennu  position  along  the 
45°  plane,  it  is  possible  to  choose  u  common 
thickness  for  points  Pt  and  that,  would  make 
the  IPD  approximately  equal  for  both  points. 
This  could  be  also  be  done  for  all  other  points 
equidistant  above  and  below  the  cutting  plane 
so  that  for  this  one  specific  position  of  the  an¬ 
tenna  with  respect  to  the  radome,  the  crosstalk 
error  could  theoretically  be  reduced  to  zero. 
However,  the  point-by-point  adjustment  in 
thickness  would  be  valid  only  for  one  particular 
position  of  the  antenna.  Therefore,  in  actual  de¬ 
sign  it  is  necessary  to  compromise  the  perform¬ 
ance  at  each  point  for  the  whole  range  of  inci¬ 
dence  angles  that  are  encountered.  This  com¬ 
promise  can  be  achieved  in  two  steps,  The  step 
used  initially  in  the  design  is  to  maximize  the 
average  transmission  as  a  function  of  antenna 
position  at  the  center  of  the  frequency  band. 
The  results  of  such  an  approach  are  shown  in 
Fig.  2-14,  where  the  crosstalk  errors  measured 
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Figure  2-1 S.  F-106A/B  Radome,  45°  Cut  at  Ft,  f0  hi  —  Crottfalk  Error  v« 
Look  Angle,  After  Correction 


for  the  45°  plana  are  plotted  againiat  antenna 
gimbal  angle  for  three  frequencies. 

The  final  step  requires  that  the  crosstalk  be 
reduced  to  a  minimum  for  the  45°  cut  at  center 
frequency  by  varying  the  thickness  of  the  top 
and  the  bottom  of  the  radome  with  respect  to 
the  sides.  Basically,  this  is  an  experimental 
process;  however,  the  curves  of  Figs.  2-11  and 
2-12  are  useful  in  determining  the  sign  of  the 
relative  changes  in  thickness.  For  example,  if 
one  were  to  observe  that  for  a  region  of  gimbal 
angles  where  the  antenna  is  looking  out  the 
upper  right  quadrant  of  the  radome,  as  shown  in 
Fig.  2-13,  and  the  antenna  beam  is  deflected 
toward  the  top  of  the  radome,  one  could  infer 
that  the  radome  wall  is  too  thick  in  the  region 
of  the  radome  intercepted  by  the  antenna  beam. 
This  conclusion  is  rather  obvious  since  the  IPD 
is  approximately  equal  for  parallel  and  perpen¬ 
dicular  polarization  for  the  optimum  wall  thick¬ 
ness,  and  the  rate  of  change  of  IPD  as  a  func¬ 
tion  of  thickness  is  greater  for  perpendicular 
polarization.  Following  this  reasoning  and 
progressing  methodically  from  small  to  large 


antenna  gimbal  angles,  it  is  possible  to  sys¬ 
tematically  vary  the  wall  thickness  circumferen¬ 
tially  from  the  front  of  the  radome  to  the  rear, 
effectively  reducing  the  crosstalk  error  at  the 
center  frequency  for  the  45c  cut.  When  the 
crosstalk  at  the  center  frequency  is  properly 
reduced  for  the  45°  cut,  crosstalk  errors  for  the 
same  cut  should  diverge  as  a  function  of  fre¬ 
quency  as  shown  in  Fig.  2-16.  Upon  completion 
of  the  crosstalk  correction  for  the  46 13  cuts,  the 
radome  should  exhibit  minimum  crosstalk  at 
the  center  frequency  for  all  cutting  planes  con¬ 
taining  the  radome  axis.  The  wall  thickness  will 
vary  circumferentially  in  a  continuous  manner 
from  thick  at  the  top  rtnd  the  bottom  to  thinner 
at  the  sides  if  the  radome  is  slightly  below  op¬ 
timum  thickness,  and  in  the  opposite  way  if  the 
radome  is  too  thick. 

All  references  to  circumferential  variations 
in  thickness  are  based  on  horizontal  polariza¬ 
tion,  If  the  polarization  is  vertical,  the  circum¬ 
ferential  variations  in  wall  thickness  would, 
essentially,  be  reversed.  In  theory,  one  might 
suspect  that  if  the  optimum  overall  thickness 


87 


could  be  arrived  at,  the  circumferential  varia¬ 
tions  in  thickness  required  to  minimize  crosstalk 
error  be  si! rnir»otod  Wnwmm*  +Vu>  Art nr_ 

inal  choice  of  thickness  based  on  optimum 
transmission  may  be  shown  to  be  greater  or 
less  than  the  optimum,  based  on  minimum  cross¬ 
talk  error  for  the  45°  cut.  Generally,  the  dif¬ 
ferences  are  small  and  with  the  proper  initial 
choice  of  thickness  the  circumferential  varia- 
‘  '"ins  are  of  the  order  5  to  10%.  In  the  radome 
considered  here,  the  variation  is  about  0.02  in. 

With  the  crosstalk  error  eliminated  at  center 
frequency,  the  problem  of  reducing  the  in-plane 
component  may  be  approached  by  a  combination 
of  experimental  methods.  As  for  the  case  of 
crosstalk  errors,  the  curves  of  Figs.  2-11  and 
2-12  are  also  useful  fn  determining  the  proper 
method  for  minimizing  the  in-plane  component 
of  error.  Since  the  crosstalk  corrections  have 
the  effect  of  making  the  radome  electrically 
symmetrical,  the  in-plane  errors  represent  the 
total  boresight  error  at  center  frequency,  and, 
as  such,  it  changes  very  little  between  horizon¬ 
tal  and  vertical  antenna  cuts.  Therefore,  the 
final  correction  for  minimizing  in-plane  error 
usually  takes  the  form  of  longitudinal  varia¬ 
tions  in  wall  thickness  that  are  usually  circum¬ 
ferentially  symmetric.  In  this  form,  they  may 
be  referred  to  us  rings  or  grooves  in  the  rndome 
wall.  Usually,  the  longitudinal  rate  of  change 
of  wall  thickness  is  small  enough  so  that  these 
changes  would  be  barely  perceptible  to  the  eye. 

Reference  5  describes  the  evaluation  tests,  the 
radome  corrections  for  the  effects  of  the  pitot 
boom  ar  d  hardware,  the  final  correction,  and  the 
experimental  verification  of  the  theoretical  tech¬ 
niques.  It  is  concluded  that  future  radomes  can 
be  designed  with  considerably  less  experimental 
effort  by  using  the  techniques  presented  here, 
and  that  much  work  is  required  to  refine  and 
develop  the  present  techniques  to  predict  accu¬ 
rately  the  electrical  characteristics  of  radomes. 

Reference  7  gives  a  method  for  applying  ray 
tracings  to  a  standard  set  of  radome  prints  to 
determine  component  values  ol'  the  angleB  of 
incidence  of  radar  antenna  radiation  impinging 
on  a  radome  wall.  Equations  are  developed  that 
determine  the  true  angles  of  incidence  and 
polarization  as  a  function  of  these  component 
angles.  A  sample  ray  study  is  illustrated  and 
a  tapered,  half-wave,  solid-wall  design  is  de¬ 
scribed  in  detail. 


2-1.4  RADOME  DESIGN  BY  INSERTION  PHASE 
DELAY* 

One  useful  technique  employed  for  the  elec¬ 
trical  design  of  low  boresight  error  radomes  is 
based  on  the  insertion  phase  delay  (IPD).  The 
IPD  is  defined  as  the  phase  delay  introduced  by 
the  presence  of  a  radome  wall  in  the  path  of  a 
plane  wave.  For  a  solid-wall  radome,  the  IPD 
is  given  by 

IPD  =  tan-1  tan  <f>J  —  2w  (d/X„)  cos0 

(2-1) 

where  d  =  thickness 

r  =  interface  reflection  coefficient 
cr  =  relative  dielectric  constant 
X®  =  free-space  wavelength 
<f>  =  2ir  (d/X,i)  V«r  —  sin-  0 
0  =  incidence  angle 

The  object  is  to : 

a.  minimize  the  difference  between  the  IPD 
for  perpendicular  and  parallel  polariza¬ 
tions  over  a  range  of  incidence  angles,  or 

b.  minimize  the  variation  of  the  IPD  for 
both  perpendicular  and  parallel  polariza¬ 
tion  from  point  to  point  on  the  radome 
surface  or  a  range  of  antenna  scan  angles. 

It  is  generally  best  to  program  such  a  radome 
design  on  a  digital  computer.  The  computer  pro¬ 
gram  includes  subprograms  for  the  wall  con¬ 
figuration,  radome  geometry,  antenna  param¬ 
eters,  and  the  IPD  equations.  The  output  of  the 
computer  study  is  applied  directly  to  the  fabri¬ 
cation  program,  and  the  grinding  operation  for 
the  radome  wall  configuration  is  geared  to  the 
specified  IPD  distribution.  IPD  measurements 
are  made  at  each  station  on  the  radome  with  a 
one-horn  interferometer,  and  several  grinding 
operations  are  made  until  the  desired  IPD  dis¬ 
tribution  is  obtained. 

This  technique  has  been  utilized  in  the  design 
of  both  plastic  and  ceramic  radomes.  One  out¬ 
standing  feature  of  this  technique  is  that  each 
{JPD  distribution  obtained  in  the  design  pro¬ 
gram  can  be  studied  on  the  computer  to  obtain 
a  range  of  boresight  error  data.  Then  the  bore¬ 
sight  error  is  used  as  the  basis  for  selecting  an 
IPD  design  for  fabrication. 


*  Contributed  by  Forrest  I..  doling. 
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Flgur*  St- 1 6.  Orientation  of  Horn*  Behind  Hadome 


2-1.5  RADOME  SANDWICH  DESIGN 

Ceramic  sandwiches  have  been  given  careful 
consideration,  as  presented  in  Reference  2.  It 
was  concluded  that  in  view  of  the  complexity 
and  cost  of  fabricating  ceramic  sandwiches,  a 
radome  designer  would  naturally  choose  a  one- 
half -wavelength  radome.  This  has  been  demon¬ 
strated  since  all  ceramic  radomes  used  on  pro¬ 
duction  missiles  have  been  of  solid-wall  (thin 
or  one-half-wavelength)  construction.  The  de¬ 
velopment  of  the  cored  Blip-cast  technique  also 
makes  it  possible  for  the  designer  to  consider 
the  sandwich  constructions,  such  as  “A,”  “B," 
or  air  core,  and  thereby  reduce  development 
costs. 

Reference  8  describes  the  design  of  a  sand¬ 
wich  wall  for  a  wedge  radome  to  cover  a  tri¬ 
hedral  corner  reflector  on  a  supersonic  missile. 
The  wedge  angle  was  chosen  to  be  30°,  which  is 
the  maximum  angle  allowed  by  aerodynamic 
considerations.  An  "A”  sandwich  was  selected 
for  operation  in  the  frequency  range  from  8660 
to  9700  me  at  the  high  angles  of  incidence  that 
are  involved  (around  75°).  The  skin  dielectric 
constant  was  chosen  as  4.5,  with  a  skin  thick¬ 
ness  of  0.02  in.,  the  minimum  allowed  by  struc¬ 
tural  requirements.  The  core  dielectric  constant 
(2.P)  and  thickness  are  arrived  at  with  the  aid 
of  a  set  of  graphs  of  the  loci  of  constant  power- 
transmission  coefficients.  The  wedge  radome  has 
high  transmission  over  this  frequency  range 
with  a  range  of  aspect  angles  (from  head-on  up 
to  ±20"  from  head-on)  for  perpendicular  and 
parallel  polarizations. 


A  sandwich  radome  for  an  airborne  horn 
cluster  has  been  designed  (Reference  9).  This 
radome  is  to  have  a  minimum  transmission  effi¬ 
ciency  of  70%  for  angles  of  incidence  from  0“ 
to  30",  with  all  linear  polarizations  for  frequen¬ 
cies  from  2300  to  10,760  me.  Mechanical 
strength  requirements  dictate  an  0.04-in.  mini¬ 
mum  thicknesB  of  the  outer  skin,  0.66-in.  mini¬ 
mum  total  honeycomb  core,  and  0.10-in.  mini¬ 
mum  total  skin  thickness.  The  cluster  of  horn 
antennas  is  located  behind  the  radome,  which 
also  is  the  skin  of  a  pressurized  region  of  the 
aircraft.  The  location  of  one  horn  relative  to 
the  radome  is  illustrated  in  Fig.  2-16.  The  half- 
power  points  of  the  horn  radiation  patterns  are 
approximately  15°  in  alt  directions  from  the 
horn  axis.  Thus,  a  maximum  angle  of  incidence 
of  30°  includes  almost 'kll  of  the  beam  from  the 
peak  gain  down  to  9  db  below  the  maximum. 

Good  transmission  characteristics  can  be  ob¬ 
tained  with  a  three-layer  “A”  sandwich  with 
0.03-in.  skins  of  fiberglass  laminate  and  an  0.24- 
in.  honeycomb  core.  This  design  does  not,  how¬ 
ever,  meet  the  strength  requirements.  A  double 
sandwich  (i.e,  a  five-layer  “C”  sandwich)  con¬ 
struction  was  necessary  to  meet  both  the  me¬ 
chanical  and  electrical  requirements.  Computa¬ 
tions  were  made  of  the  transmission  efficiency 
of  double  sandwiches  meeting  these  mechanical 
strength  requirements  for  frequencies  from  0  to 
11,000  me,  angles  of  incidence  up  to  30°,  and 
parallel  and  perpendicular  polarizations.  The 
final  design  was  obtained  by  comparing  the 
transmission  curves  of  a  large  number  of  sand¬ 
wiches  and  selecting  that  one  having  the  best 


transmission  characteristics.  Figure  2-17  shows 
i fie  cure  utiu  akin  liiicknenaea  ui  iiic  Tumi  ueoigii, 
and  the  transmission  coefficient  for  normal  in¬ 
cidence  and  30°  incidence.  If  the  mechanical 
strength  requirements  would  permit  a  slight 
reduction  in  the  total  honeycomb  thickness,  the 
transmission  efficiency  could  be  raised  above 
807'’  for  all  frequencies  up  to  11,000  me. 

2-1.6  DUAL-FREQUENCY  AIRBORNE  RADOME 
DESIGN 

A  dual-frequency  "A"  sandwich  radome  has 
been  designed  (Reference  10).  This  radome  is 
mounted  on  the  Lop  centerline  of  a  large,  high¬ 
speed  aircraft  and  houses  a  24-in.  parabolic  an¬ 
tenna  and  a  30-in.  parabolic  antenna  (Fig. 
2-18),  The  radome  is  approximately  17  ft  in 
length,  4  ft  wide,  and  4  ft  high.  The  forward 
antenna  operates  at  16  gc  and  the  aft  antenna 
operates  at  6  gc,  and  each  antenna  scans 
through  360°  in  azinruLh.  Beamshift  must  not 
exceed  one  milliradian,  and  the  minimum  trans¬ 
mission  efficiency  must  be  807". 

A  solid-wall  construction  was  considered,  but 
satisfactory  transmission  efficiency  was  not  ob¬ 
tained  at  both  frequencies.  A  half«,vave  “A” 
sandwich  for  16  gc  proved  to  be  structurally 
unsound.  Multilayer  sandwiches  were  ruled  out 


because  of  fabrication  difficulties,  cost,  and  the 
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calculations  were  made  with  an  IBM  7000  com¬ 
puter  to  study  the  performance  of  various  full- 
wave  “A”  sandwiches.  The  dimensions,  dielec¬ 
tric  constants,  and  transmission  curves  of  the 
final  design  are  illustrated  in  Fig.  2-19.  This 
sandwich  design  provides  a  transmission  effi¬ 
ciency  above  80%  for  angles  of  incidence  up  to 
30°  at  6  gc  and  16  gc  for  both  polarizations. 
The  curves  in  Figs.  2-20  and  2-21  indicate  that 
the  IPD  is  relatively  uniform  over  the  important 
range  of  incidence  angles,  making  radome  bore- 
sight  corrections  unnecessary. 

An  antistatic  coating  and  a  rain  erosion  coat¬ 
ing  were  applied  to  the  outer  surfaces  of  the 
completed  radome,  reducing  the  transmission 
efficiency  by  about  5%  at  16  gc.  The  details  of 
the  design,  fabrication  and  testing  are  described 
in  Reference  10. 

2-2  APPLICATION  OF  DIGITAL  COMPUTERS 
TO  RADOME  DESIGN 

2-2.1  INTRODUCTION 

The  automatic  digital  computer  has  replaced 
the  slide  rule,  Smith  chart  and  desk  calculator 
in  radome  analysis  and  design  problems  involv- 


Flgura  2-17.  Trantmittion  Characttr'tHcs  of  Final  Dot Ign 
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Figure  2-1 S.  Original  Concept  of  Radome  Size  and  Shape 


ing  large  amounts  of  numerical  data.  The  result 
has  been  a  tremendous  savings  in  time  and  cost 
and  an  increase  in  accuracy.  Many  radome  cal¬ 
culations,  formerly  considered  impractical  be¬ 
cause  of  computational  complexities,  are  now 
performed  routinely.  Numerical  errors  have 
been  all  but  eliminated.  In  some  cases,  antenna 
and  radome  measurements  are  recorded  directly 
on  punched  tape,  as  opposed  to  a  chart  record¬ 
ing,  to  facilitate  the  digital  analysis  of  the  data 
(References  11  and  12). 

Tables  of  the  Fresnel  coefficients  and  the 
transmission  coefficients  of  plane  sheets  and 
sandwiches  have  been  compiled  with  the  aid  of 
digital  computers  (Reference  13),  These  tables 
have  found  wide  use  in  radome  design,  although 
it  is  sometimes  found  more  efficient  to  generate 
these  data  as  needed  rather  than  reading  them 
from  a  table,  punching  them  on  cards,  and  in¬ 
terpolating. 

The  matrix-multiplication  method  for  cal¬ 
culating  transmission  coefficients  of  multilayer 
sandwiches  has  been  programmed  for  digital 
computations  (Reference  14).  This  matrix 
method  has  been  found  to  be  rapid  and  efficient 


Figure  2- 1 9.  Flat  Panel  Theoretical  Data 
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Figure  2-20.  IPD  vs  Angle  of  Incidence  lor 
“A"  Sandwich  Flat  Panel  at  6  gc 

with  respect  to  computer  storage  requirements. 

Prior  to  the  widespread  use  of  the  digital 
computer,  the  analysis  of  inhomogeneous  ra- 
domes  was  considered  a  formidable  problem,  (A 
radome  may  be  intentionally  inhomogeneous  as 
a  result  of  variable-density  loading,  or  uninten¬ 
tionally  inhomogeneous  as  a  consequence  of 
thermal  gradients.)  Now  a  plane  inhomogene¬ 
ous  layer,  in  which  the  permittivity  varies  con¬ 
tinuously  as  a  function  of  distance  into  the 
layer,  is  analyzed  quickly,  efficiently  and  accu¬ 
rately.  A  computer  program  which  accomplishes 
this  with  step-by-step  numerical  integration  is 
given  in  Reference  14. 

There  are  innumerable  other  applications  of 
the  digital  computer  to  radome  problems,  some 
of  which  are  listed  here  along  with  a  reference : 

a.  Calculating  the  core  thickness  of  a  sym¬ 
metrical  three-layer  sandwich  for  maxi¬ 
mum  transmission  efficiency  (Reference 
15). 

b.  Predicting  radome  error  (References  16 
and  17). 

c.  Correcting  boresight  error  (Reference 

12). 

d.  Designing  broadband  radomes  (Refer¬ 
ences  18  and  19). 

e.  Designing  the  overall  radome  (Reference 

20). 

f.  Calculating  temperature  and  stress  dis¬ 
tributions  (References  21  and  22). 

g.  Determining  the  electrical  effects  of  ra¬ 
dome  structural-support  members  (Refer¬ 
ence  23). 

The  following  paragraphs  consider  the  digi¬ 
tal  optimization  of  radome  walls  and  complete 
radome  design  by  digital  computations  (see 
Paragraph  6-4.4,2). 


2-2.2  DIGITAL  OPTIMIZATION  OF  RADOME 
WALLS 

Consider  the  problem  (Reference  18)  of  de¬ 
signing  V'.dom4*  wnll  struct  urn  consist  imr  of  a 
given  number  of  layers  in  which  the  thicknesses 
and  dielectric  constants  of  the  layers  are  to  be 
optimized  for  the  best  performance  of  the  final 
design.  The  problem  is  really  not  well  formu¬ 
lated  until  a  specific  figure  of  merit  has  been 
defined  for  assessing  a  particular  wall  design 
or  for  comparing  two  different  wall  designs. 
Some  quantities  that  generally  enter  into  the 
definition  of  the  figure  of  merit  are  the  phase 
delay  and  the  power  transmission  coefficient. 
These  are  functions  of  the  incidence  angle, 
polarization,  and  frequency.  Hence,  the  figure 
of  merit  is  generally  a  weighted  average,  with 
strongest  weighting  given  to  those  incidence 
angles,  polarizations,  and  frequencies  for  which 
it  is  most  important  to  have  a  small  phase-delay 
slope  and  a  large  transmission  efficiency.  The 
formulas  for  the  phase  delay  and  the  power 
transmission  coefficient  are  too  complicated  to 
permit  an  analytical  solution  for  the  optimum 
wall  design.  Furthermore,  constraints  must  be 
introduced  to  avoid  a  trivial  solution.  For  ex¬ 
ample,  there  may  be  upper  limits  on  tne  radome 
weight  and  the  wall  thickness  and  lower  limits 
on  the  power  transmission  coefficient  and  the 
flexural  strength. 


ANGLE  OF  INCIDENCE  (DEGREES) 

Figure  2-21 .  IPD  vt  Angle  of  Incidence  for 
“A”  Sandwich  Flat  Panel  at  16  gc 
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The  most  straightforward,  but  least  efficient, 
method  of  finding  the  optimum  design  is  to  com¬ 
pute  the  figure  of  merit  for  all  alowable  com¬ 
binations  of  parameters  and  then  to  select  the 
optimum  by  inspection.  An  appreciable  saving 
in  computation  cost  using  this  method  is  pro¬ 
vided  by  digital  optimization,  as  follows.  It  be¬ 
gins  with  an  initial  configuration  defined  by 
assigning  specific  values  to  each  of  the  inde¬ 
pendent  variables :  the  dielectric  constants  and 
thicknesses  of  all  the  layers.  For  this  initial 
configuration,  the  figure  of  merit,  Q,  and  the  gra¬ 
dient  of  Q  are  computed.  The  gradient  is  a  vector 
that  has  one  component  along  each  of  the  inde¬ 
pendent  variables  and  points  in  a  direction  in 
which  the  Q  increases  most  rapidly.  A  new  con¬ 
figuration  is  then  determined  by  incrementing 
the  independent  variables  along  the  gradient 
vector;  that  is,  a  step  is  taken  in  the  direction 
of  the  gradient.  The  magnitude  of  the  step, 
however,  is  a  ci  ^cial  question  (Reference  18 
for  details).  At  the  new  configuration,  it  must 
be  determined  whether  it  satisfies  the  con¬ 
straints.  If  it  does  not,  an  auxiliary  procedure 
must  be  employed.  If  it  does,  the  Q  of  the  new 
configuration  must  be  computed.  If  the  Q  is 
higher  than  that  of  the  original  configuration, 
the  step  is  considered  to  be  successful  and  the 
process  is  repeated.  If  the  Q  of  the  new  con¬ 
figuration  is  smaller,  the  step  was  too  large, 
passing  a  local  maximum.  It  is  then  necessary 
to  return  to  the  original  configuration  and  take 
a  smaller  step. 

If  the  process  is  continued,  a  sequence  of 
configurations  having  increasing  values  of  Q 
is  generated.  To  make  the  process  completely 
automatic,  it  is  necessary  to  incorporate  a  con¬ 
siderable  decision-making  capability  into  the 
computer  program.  For  every  initial  configura¬ 
tion  the  process  climbs  to  one  particular  opti¬ 
mum  configuration.  However,  there  may  be  a 
number  of  local  maxima  as  well  as  an  absolute 
maximum.  The  problem  of  finding  the  absolute 
maximum  or  all  the  local  maxima  has  been 
solved  to  date  only  to  the  extent  of  applying  the 
process  to  a  large  number  of  initial  configura¬ 
tions  chosen  in  a  judicious  manner. 

The  overall  procedure  is  divided  into  the  fol¬ 
lowing  four  steps : 

a.  The  computer  is  instructed  to  optimize 
the  constraining  aspect  of  the  wall  per¬ 
formance  es  a  figure  of  merit  until  it 


reaches  an  accept  able  value,  and  then  to 
proceed  to  step  b,  In  step  a,  a  fixed  step 
size  is  emDloved  since  only  n  few  stops  are 
normally  required.  In  many  investiga¬ 
tions,  step  a  can  be  omitted,  since  normal 
wall  designs  yield  configurations  that 
satisfy  the  constraint  employed. 

b.  Here  an  automatic  step-size  logic  is  em¬ 
ployed.  The  computer  increases  the  step 
size  until  it  reaches  a  workable  maximum 
and  proceeds  to  work  toward  the  local 
optimum, 

c.  In  this  step,  the  computer  tries  to  reach 
the  optimum  by  taking  a  step  into  for¬ 
bidden  territory  as  far  as  the  constraint 
is  concerned.  The  computer  now  reduces 
the  step  size,  as  required,  and  begins  to 
walk  around  the  edge  of  the  forbidden 
region  to  find  the  optimum  Q  allowed  by 
this  restriction. 

d.  The  computer  reaches  the  neighborhood 
of  the  optimum  and  then  begins  repeated¬ 
ly  to  halve  the  step  size  to  locate  the  op¬ 
timum  to  a  prescribed  degree  of  precision. 

One  of  the  problems  investigated  in  this  man¬ 
ner  is  that  of  minimizing  the  average  phase  de¬ 
lay  variation.  Half-wave  walls  are  generally 
acknowledged  to  have  better  phase  delay  char- 
acteristics  than  “A"  or  “B"  sandwiches,  but  it 
was  found  that  sandwiches  are  sometimes  su¬ 
perior.  This  may  be  of  considerable  interest  in 
boresight  radome  design.  The  starting  config¬ 
uration  consisted  of  three  layers  of  equal  thick¬ 
ness  and  equal  dielectric  constant,  the  entire 
structure  being  approximately  a  half-wave  wall 
at  an  angle  and  a  frequency  at  the  center  of 
the  ranges  entering  into  the  weighted  average 
phase  delay  variation.  The  parameters  describ¬ 
ing  the  outside  layers  were  fixed,  while  the 
thickness  and  dielectric  constant  of  the  center 
layer  became  independent  variables.  The  com¬ 
puter,  controlled  by  the  digital  optimization  pro¬ 
gram,  discovered  new  sandwich  designs  having 
a  higher  Q  than  the  half-wave  wall. 

To  illustrate  the  technique,  Fig.  2-22  shows  a 
map  of  the  figure  of  merit  for  an  “A”  sand¬ 
wich  with  fixed  skins  and  variable  core  thick¬ 
ness  and  dielectric  constant.  The  figure  of  merit, 
Q,  is  based  on  the  power  transmission  coeffi¬ 
cient  with  uniform  weight  for  frequencies  from 
9.8  to  10.2  gc  and  angles  of  incidence  from  50° 
to  70".  Perpendicular  polarization  receives  unit 
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weight  and  parallel  polarization  receives  zero 
weiKht,  A  large  number  of  calculations  is  re¬ 
quired  to  construct  this  map.  If  computer  opti¬ 
mization  is  employed,  a  far  smaller  number  of 
calculations  is  involved 

Figure  2-22  also  shows  the  path  followed  by 
the  computer  in  optimizing  the  sandwich  core 
parameters.  Each  step  taken  by  the  computer  is 
shown  as  an  arrow  on  the  contour  map,  begin¬ 
ning  with  a  starting  point  of  —  1.4  and  dc  — 
0.1  in,  Although  this  example  involves  only  two 
variables,  the  computer  program  in  its  present 
form  will  handle  up  to  22  variables. 

2-2.3  COMPLETE  RADOME  DESIGN  BY  COMPUTER 

In  order  to  meet  the  need  for  a  complete  ra- 
dome  design  or  performance  data  in  a  minimum 
of  time,  a  radome  development  computer  proce¬ 
dure  was  established  (Reference  20).  This  com¬ 
puter  design  procedure,  which  utilizes  the  IBM 
(094  digital  computer  to  supply  radome  elec¬ 
trical  design  and  performance  data,  is  divided 
into  four  program  stages:  the  Gripe  Program 
(General  Rado'  ie  Information  Program  Ef¬ 
fort),  the  Dei  gn  Program,  the  Performance 
Program,  and  the  Correction  Program. 

A  preliminary  design  study  is  made  to  obtain 
the  various  radome,  antenna,  and  geometry 
parameters.  Antenna  patterns  are  taken  on  a 
test  range,  while  a  ray  distribution  is  deter¬ 
mined  by  a  computer  study.  A  radome  geometry 
study  is  made  of  the  loft  lines  to  determine  the 
equations  that  describe  the  radome  shape  and 
establish  a  radome  coordinate  system.  Con¬ 
straints,  which  are  numerical  limits  used  to 
judge  the  acceptability  of  a  particular  design, 
are  also  determined.  These  constraints  include : 

a.  Transmission. 

b.  Wall  thickness. 

c.  Range  of  dielectric  constant. 

d.  Reflection. 

After  the  radome  shape  is  known,  a  material 
selected,  a  ray  distribution  calculated,  and  de¬ 
sign  constraints  determined,  a  computer  study 
can  be  made. 

The  procedure  shown  in  Fig.  2-23  is  used  to 
establish  the  computer  programs  geared  to 
allow  complete  flexibility  of  input  parameters 
over  a  wide  range  of  possible  radome  designs. 
These  variable  inputs  may  include  any  kind  of 
radome  shape,  material,  or  antenna  pattern. 


The  Gripe  Program  yields  the  following  items 
of  information  : 

a.  Radome  shape  definition. 

b.  Radome  cross  section. 

A  D  -3  — -  V*  • .  1 1  -  - . 
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d.  Ray  location, 

e.  Ray  pattern. 

f.  Ray  surface  area  on  antenna. 

g.  Intensity  distribution. 

h.  Surface  norma). 

i.  Incidence  angle. 

j.  Polarizing  angle. 

k  Intersection  of  ray  and  tadome. 

Since  the  Gripe  Program  can  manipulate  any 
shape,  material,  or  antenna  pattern,  it  can  be 
used  with  any  type  of  radome  or  electromag¬ 
netic  window.  Another  feature  of  the  program 
is  that  the  ray  distribution  is  general  enough 
so  that  rays  do  not  have  to  be  perpendicular  to 
the  antenna.  A  good  ray  distribution  can  be  set 
up  that  fits  the  entire  antenna  pattern,  includ¬ 
ing  the  main  beam  and  the  side  lobes. 

The  type  of  design  program  used  in  the  com¬ 
puter  phase  depends  on  whether  a  mono-design 
method  or  an  optimum  design  method  is  em¬ 
ployed.  The  mono-design  method  yields  one  de¬ 
sign  configuration  for  one  set  of  input  param¬ 
eters,  while  the  optimum  design  method  iterates 
over  an  interval  of  input  parameters  and  selects 
the  optimum  configuration.  The  desired  radome 
or  electromagnetic  window  design  determines 
whether  the  mono-design  or  the  optimum  de¬ 
sign  method  will  be  used.  For  example,  the  fol¬ 
lowing  are  four  types  of  radome  or  electromag¬ 
netic  window  design: 

a.  Maximum  transmission. 

b.  Low  boresight  error, 

c.  Combination  of  maximum  transmission 
and  low  boresight  error. 

d.  Broadband, 


Figure  2-23.  Computer  Design  Procedure 


95 


Figure  2-24.  Subdivition  of  Computer  Design  Program 


For  the  first  and  second  types,  the  optimum  de¬ 
sign  method  would  be  used  in  the  computer  de¬ 
sign.  For  the  third,  both  the  mono-design  and 
the  optimum  design  methods  would  be  used, 
while  for  the  fourth,  the  mono-design  method 
would  be  used. 

Several  types  of  performance  programs  have 
been  developed  for  use  with  the  IBM  7094  com¬ 
puter,  including  error  prediction  and  transmis¬ 
sion  programs.  These  programs  are  used  both 
as  an  integral  part  of  the  optimum  design  meth¬ 
od  and  as  a  means  of  checking  a  design  obtained 
by  the  mono-design  method.  The  correction  pro¬ 
gram  is  base.d  on  an  analytical  method  pro¬ 
grammed  for  the  computer.  The  method  may 
involve  phase,  error,  or  the  redesign  of  local 
areas  with  weighted  antenna  look  positions, 
with  the  selection  being  determined  by  the  ap¬ 
parent  difficulty  of  the  problem  and  the  type 
of  radome  or  electromagnetic  window  design. 
Analytical  correction  of  a  design  may  take  place 
either  in  the  computer  design  phase  or  during 
testing  of  a  prototype. 

The  IBM  7094  computer  has  a  capability  of 
32,768  words.  Since  the  monitor  system  uses 
approximately  2000  words,  there  remains  about 
30,000  words  for  the  radome  program.  This 
presents  no  difficult  problems  to  the  program¬ 
mer,  since  the  various  parts  of  the  computer 
design  methods  can  be  manipulated  to  obtain 
the  final  results  in  one  computer  run.  The  com¬ 
puter  technique  used  by  the  Radome  Group  at 
Douglas  is  shown  in  Fig.  2-24.  Tiie  program 
is  divided  into  several  parts,  which  are  in 


turn  further  subdivided.  The  Gripe  Program, 
for  example,  is  divided  into  twelve  parts,  or 
subprograms.  One  of  two  control  programs 
is  read  into  the  computer  and  operation  be¬ 
gins.  Subprograms  are  called  into  core  by  the 
control  program  and  instructions  are  executed. 
When  final  answers  are  obtained,  the  informa¬ 
tion  is  either  printed  out  or  stored  on  a  tape  for 
use  in  the  next  program,  as  is  the  case  with  the 
Gripe  Program.  The  computer  logic  of  the  pro¬ 
gram  in  Fig.  2-24  can  be  illustrated  by  the  fol¬ 
lowing  steps : 

a.  After  the  Gripe  Program  is  read  into  the 
computer,  it  is  folowed  by  Control  Pro¬ 
gram  No.  1  and  the  necessary  input 
parameters  for  operation  of  the  Gripe 
Program. 

b.  Operation  is  started  in  the  Control  Pro¬ 
gram  and  a  transfer  is  made  to  the  Gripe 
Program  to  execute  each  instruction.  The 
logic  of  operation  of  the  program  remains 
in  the  Control  Program. 

c.  Final  answers  are  stored  on  a  tape. 

d.  Control  is  transferred  to  the  next  pro¬ 
gram, 

e.  The  next  operation  sequence  is  in  the  De¬ 
sign  Program,  which  has  been  read  into 
the  computer  core. 

f.  Execution  begins  on  the  first  instruction 
of  Control  Program  No.  2. 

g.  Subprograms  of  the  Design  Program, 
which  were  also  read  into  the  computer, 
are  used  when  culled  out  and  instructions 
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are  executed  until  final  answers  are  ob¬ 
tained. 

h.  Control  is  then  transferred  to  print  out 
these  final  answers  when  doing  a  mono- 
design  study. 

i.  When  an  optimum  design  study  is  being 
made,  control  is  transferred  to  store  the 
configuration  in  core. 

j.  The  Performance  Program  is  read  into 
the  computer  and  instructions  are  exe¬ 
cuted  that  check  the  performance  of  the 
configuration. 

k.  The  parameters  of  the  radome  are  changed 
and  control  is  transferred  back  to  Control 
Program  No.  2,  where  the  design  of  the 
next  configuration  is  calculated. 

l.  Steps  i  through  k  are  repeated  until  an 
optimum  design  is  obtained. 


2-3  TECHNIQUES  FOR  ELECTRICAL 

EVALUATION  OF  ELECTROMAGNETIC 
WINDOW  AND  RADOME  SHAPES* 

2-3.1  INTRODUCTION 

The  following  paragraphs  present  the  elec¬ 
trical  evaluation  of  electromagnetic  window 
and  radome  shapes,  including  shape  definition, 
cross-section,  and  intersection  parameters. 
Computer  studios  can  be  made  that  will  deter¬ 
mine  electrical  design  and  electrical  perform¬ 
ance  data  when  such  techniques  are  available 
that  can  handle  general  symmetrical  and  un- 
symmetrical  shapes. 

The  technique  for  electrical  evaluation  of 
electromagnetic  windows  and  radome  shapes 
used  by  some  radome  designers  involves  the  use 
of  radial  planes,  as  shown  In  Pig,  2-26,  for  de¬ 
fining  three-dimensional  general  radome  shapes. 
This  technique  handles  all  types  of  symmetrical 
and  unsymmetrical  radome  shapes.  In  order  to 
make  electrical  design  and  performance  studies 
on  the  computer,  a  technique  is  required  that 
will  define  the  electromagnetic  window  or  ra¬ 
dome  shape.  A  variety  of  shapes  has  been 
studied  by  radome  designers.  The  aerodynami- 
cist  prefers  a  0.76  power  series  shape  because 
of  minimum  pressure  drag  at  high  supersonic 


*  Contributed  by  Forrest  L.  Coling, 


Figure  2-25.  Analytic  Determination  of  a  Conic  by 
3  Point t  and  2  Slope % 

speeds.  The  structural  designer  prefers  a  cy¬ 
lindrical  shape  because  of  superior  mechanical 
properties.  The  thermodynamicist  prefers  a 
spherical  shape  because  of  superior  thermal 
properties.  The  electrical  designer  prefers  the 
hemispherical  shape  because  of  its  superior 
electrical  properties.  Compromise  must  be  made 
in  the  shape  in  order  to  design  a  radome  and 
performance  studies  should  be  made  on  a  variety 
of  shapes  to  select  a  shape  for  a  specified  vehicle. 

2-3.2  TYPICAL  SHAPES 

The  following  paragraphs  describe  techniques 
for  use  in  electrical  evaluation  of  shapes  on 
digital  computers.  A  number  of  different  shapes 
have  been  investigated  for  radome  use.  See 
Paragraph  1-1.3  for  types  of  aerodynamic  con¬ 
figurations.  Some  of  the  classes  of  shapes 
studied  are:  elliptical,  hemispherical,  logu- 
rithmic  and  equiangular  spirals,  ogive,  power 
series,  parabolic,  and  others,  Some  of  the  shapes 
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are  shown  in  Fig.  2-26.  A  symmetrical,  or  circle 
of  revolution,  radome  can  be  described  by  one 
radial  plane  equation.  Some  examples  of  this 
type  of  shapes  are :  hemisphere,  ogive,  cone,  and 
other  power  shapes.  These  specific  shapes  re¬ 
duce  the  time  required  to  prepare  a  computer 
study  and  also  reduce  the  computer  time  con¬ 
siderably. 


2-3.3  SHAPE  DEFINITION 

A  technique  used  to  describe  a  general  radome 
shape  for  computer  studies  employs  the  rudial 
plane  definition  as  shown  in  Fig.  2-27.  This  defi¬ 
nition  uses  at  least  four  radial  planes  per 
quadrant  at  any  arbitrary  cross  sectional  cut. 
Each  radial  plane  is  equally  spaced  and  ema¬ 
nates  from  the  centerline  of  the  radome.  It 
starts  at  the  point  of  intersection  of  the  radome 
centerline  and  the  radome  nose  and  extends  aft 
to  a  point  of  shape  discontinuity  or  to  the  end 
of  the  radome.  A  typical  cross-section  with  nine 
radial  planes  is  shown  in  Fig.  2-27C.  The  figure 
shows  a  radome  cross-section  where  upper  and 
lower  halves  are  unsymmetrical,  while  the  right 
and  left  halves  are  symmetrical.  Such  a  radome 
could  be  studied  on  the  right  side,  saving  half 
of  the  computations.  A  symmetrical  radome 
would  have  all  radial  planes  equal  and  thus 
could  be  described  by  one  equation.  Each  radial 
plane,  r,  will  be  described  by  a  form  of  the  gen¬ 
eral  shape  equation : 

r  =  Jy  +  K  ±  \/Ly-  +  My  +  N  (2-2) 

This  general  shapfc  equation  is  developed  from 
the  general  expression  for  a  second-degree 
curve : 

Ay-  +  Byr  -f  Cr“  +  Dy  +  Er  =  0  (2-3) 

Each  term  of  Eq.  2-2  is  obtained  by  solving 
Eq.  2-3  by  the  quadratic  equation  and  by 
substitution  of  coefficients.  It  is  desirable  to 
employ  a  method  that  will  handle  all  types  of 
three-dimensional  shapes  to  minimize  design 
and  development  time  and  simplify  computer 
studies. 

One  technique  that  is  employed  by  some  ra¬ 
dome  designers  when  using  Eq.  2-2  is  to 
specify  the  radome  shape  with  three  points  and 
two  slopes,  as  shown  in  Fig,  2-25.  This  technique 
requires  a  detailed  drawing  of  the  radome 
shape,  as  shown  in  Fig.  2-26.  Points  and  slopes 
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(C)  CROSS  SECTION  AT  TYPICAL  RADOME  STATION -Y 

Figure  2-27.  Typical  Radial  Plane  Definition 

are  developed  from  a  drawing  of  the  shape  and 
calculations  are  made  to  determine  Eq.  2-2, 
which  describes  the  shape.  It  would -take  one 
equation  or  radial  plane  to  describe  a  radome 
shape  that  has  properties  of  symmetry,  and  a 
continuous  contour  from  nose  to  base.  An  un- 
symmetrical  radome  With  a  continuous  contour 
from  nose  to  base  would  require  nine  equations 
to  describe  the  nine  radial  planes,  as  shown  in 
Fig.  2-27A.  The  radome  in  Fig.  2-27B  for  an 
unsymmetrical  type,  would  require  eighteen 
equations  to  describe  each  radial  plane.  An  un¬ 
symmetrical  radome  with  four  sections  to  each 
radial  plane  would  require  thirty-six  equations 
to  describe.  Thus  a  computer  program  with  the 
capacity  for  thirty-six  equations  would  seem  to 


be  quite  adequate  for  analyzing  most  radome 
shapes. 

2-3.4  COMPUTER  USE 

Setting  up  a  computer  program  to  electrically 
evaluate  radome  shapes  requires  other  compo¬ 
nent.  parts  in  addition  to  a  shape  definition 
method.  Other  components  of  a  geometry  pro¬ 
gram  include:  intersection  of  ray  and  radome; 
calculations  of  incidence  angle,  polarizing  angle, 
and  surface  normal;  and  an  iteration  procedure. 
Data  obtained  from  such  a  geometry  program 
can  be  used  for  a  radome  design  or  performance 
study.  A  typical  computer  program  is  shown  in 
Fig.  2-28.  The  design  or  performance  program 
may  be  for  a  boresight  error  or  a  transmission 
study. 

2-3.5  ELECTROMAGNETIC  WINDOW  SHAPES 

It  is  also  desirable  to  make  electrical  design 
and  performance  studies  of  electromagnetic 
window  shapes  on  computers.  This  requires  a 
shape  definition  program  for  electromagnetic 
windows.  It  is  not  easy  to  develop  a  technique 
for  defining  all  possible  electromagnetic  window 
shapes.  The  electromagnetic  windows  might  be 
located  on  an  ogive,  cone,  cylinder,  frustrum, 
hemisphere,  or  other  shape.  An  example  of  an 


Figure  2-28.  Computer  Program 
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electromagnetic  window  .shape  would  be  one  as 
shown  in  Fig.  2-29,  where  it  is  located  on  an 
nrrivp  Tn  iitnatrnio  n  ni^thod  for  dcscribir." 
electromagnetic  windows,  consider  the  two 
types  illustrated  in  Fig.  2-29.  To  analytically 
describe  the  geometrical  shape  of  these  elec¬ 
tromagnetic  windows,  the  ogive  shape  is  de¬ 
fined  as  previously  described  and  the  window 
is  defined  by  means  of  a  set  of  points  P  (X,  Y, 
Z),  such  that  F  (X,  Y,  Z)  —  0,  where 

O^Zt^Z^Z^C 
P  =  VX-'+T- 
0  —  Pl  —  p  —  Pl! 

^  e  ^  a., 

0=^0, 

011=^27 r 

Window  B  in  Fig.  2-29  can  be  defined  as  the  set 
of  points  P  (X,  Y,  Z),  such  that  F  (X,  Y,  Z,) 
--  0,  where 

O^Z^Z^Z^C 

B^Y.^Y^Y^B 

P  (X,  Y,  Z)  are  in  quadrant  I,  Points  B  and  C 
are  in  the  ogive  definition. 

Other  electromagnetic  windows  in  this  gen¬ 
eral  class  lye  defined  similar  to  the  one  just 
described.  Flat  windows  can  be  described  in 
two-dimension  as  a  special  case. 

2-3.6  CONCLUSIONS 

Electrical  evaluation  of  radome  shapes  pro¬ 
vides  data  that  can  be  used  to  influence  pre¬ 
liminary  design  approaches,  provides  estimates 
of  design  time  required  to  study  alternate 
shapes,  provides  data  for  inputs  to  proposal 
programs,  provides  a  method  for  obtaining  data 
on  alternate  design  approaches  for  a  vehicle, 
provides  a  means  for  obtaining  design  and  per¬ 
formance  data  for  many  design  studies,  and 
saves  design  time  by  studying  many  shapes  on 
the  computer,  as  opposed  to  empirical  (test)  ap¬ 
proaches  on  fabricated  prototype  parts.  Com¬ 
paring  data  for  one  radome  shape  with  another 
primarily  shows  a  change  in  the  magnitude  of 
the  incidence  angle  discontinuity  across  the  ra¬ 
dome.  Large  incidence  angles  are  common  to 
sharp  pointed  shapes  such  as  cones.  However, 
large  incidence  angles  cause  high  losses  in  elec¬ 
trical  performance.  This  results  in  a  decrease 
in  transmission  and  an  increase  in  reflection 
and  discontinuity  in  the  phase  front. 
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Figure  2-29.  Typical  Electromagnetic  Window 
Definition 


2-4  BORESIGHT-ERROR  PREDICTION 
TECHNIQUES 

2-4.1  INTRODUCTION 

The  boresight  error  or  beam  deflection  caused 
by  a  radome  is  defined  as  the  difference  between 
the  true  angular  position  of  the  target  and  its 
apparent  angular  position  as  indicated  by  the 
radar  system.  For  a  given  radome,  the  bore- 
sight  error  depends  to  a  considerable  extent  on 
the  antenna  system  (conical  scan,  monopulse, 
interferometer,  etc.),  and  the  antenna  polariza¬ 
tion  (linear,  circular,  etc.)  employed.  The  an¬ 
tenna  size,  the  aperture  distribution  of  ampli¬ 
tude  and  phase,  and  the  antenna  beamwidth 
have  a  considerable  effect  on  the  boresight 
error,  with  boresight  error  decreasing  as  beam- 
width  decreases. 

For  a  given  antenna  system,  the  boresight 
error  depends  greatly  on  the  radome  shape  and 
its  wall  construction  (so1  id- wall,  sandwich, 
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etc.).  A  spherical  radome  introduces  the  least 
boresight  error,  particularly  if  the  antenna  is 
accuintely  centered,  whereas  a  highly  stream¬ 
lined  radome  exhibits  an  increased  boresight 
error. 

It  is  useful  to  consider  the  boresight  error  to 
arise  from  two  distinct,  though  not  independent, 
mechanisms.  In  the  first  place,  each  ray  ema¬ 
nating  from  the  antenna  aperture  undergoes  a 
different  phase  shift  in  passing  through  the 
radome  wall,  largely  as  a  result  of  the  different 
angles  of  incidence.  This  phase  variation  results 
in  a  shift  in  the  antenna  beam  pointjng  direc¬ 
tion.  In  general,  it  also  introduces  a  certain 
amount  of  pattern  distortion.  In  the  second 
place,  scattering  from  the  radome  vertex  region 
and  variations  in  the  transmission  efficiency 
experienced  by  each  ray  in  passing  through  the 
radome,  distort  the  antenna  pattern  and  there¬ 
by  contribute  to  the  boresight  error. 

Optical  and  ray-tracing  solutions  are  general¬ 
ly  quite  simple  and  accurate  when  applied  to  a 
large  radome  enclosing  a  narrow-beam  antenna, 
although  complications  occur  when  there  are 
structural  supporting  ribs,  On  the  other  hand, 
the  error-prediction  calculations  for  a  small 
streamlined  radome  are  often  quite  lengthy  and 
the  accuracy  is  poor.  Since  the  optical  solutions 
are  not  applicable,  ray-tracing  and  scattering 
techniques  are  emnloyed  for  the  analysis  of 
small  streamlined  r».domcs.  Thus,  satisfactory 
techniques  are  available  for  large  radomes 
without  structural  ribs,  but  new  or  improved 
error  prediction  methods  are  needed  for  small 
streamlined  radomes  and  struc*ural  ribs.  A  con¬ 
siderable  portion  of  the  discrepancy  between  the 
calculated  and  measured  boresight  errors  for 
the  small  streamlined  radomes  may  arise  from 
tolerances  in  the  radome  thickness  and  dielec¬ 
tric  constant,  from  antenna-radome  interaction, 
and  from  differences  between  the  true  antenna 
aperture  field  distribution  and  the  assumed 
distribution. 

In  many  cases,  the  goal  of  a  boresight-error 
prediction  effort  is  simply  to  determine  whether 
a  given  radome  design  meets  the  specifications. 
In  other  cases,  it  is  desb’d  to  arrive  at  an  op¬ 
timum  radome  design  by  calculating  the  bore- 
sight-error  characteristics  of  many  different  ra¬ 
dome  shapes  or  wail  constructions. 

In  many  missile  guidance  systems,  the  angu¬ 
lar  rate  of  change  of  boresight  error  is  much 
more  significant  than  the  boresight  error  itself. 


If  the  boresight  error  is  rather  large  but  is  a 
slowly  varying  function  of  the  angular  direction 
of  the  target,  the  missile  very  iikeiy  tollows  a 
non-optimum  trajectory  but  completes  its  mis¬ 
sion  successfully.  A  rapidly  varying  boresight 
error,  however,  introduces  an  apparent  target 
motion  that  may  result  in  sluggish  missile  con¬ 
trol-system  response  or  a  tendency  toward  insta¬ 
bility. 

Various  techniques  for  predicting  the  bore¬ 
sight  error  are  described  in  the  following  para¬ 
graphs. 

2-4.2  OPTICAL  METHODS  TECHNIQUE 

The  optical  methods  technique  of  boresight- 
error  prediction  involves  the  concepts  of  lenses, 
magnification,  focal  lengths,  and  ray  deviations. 
Useful  results  can  be  expected  with  the  optical 
equations  only  if  the  antenna  aperture  is  large 
(above  10  wavelengths  or  more  in  diameter) 
and  the  radome  wall  curvature  is  small.  The 
optical  methods  are  adequately  described  in 
References  24,  26,  and  26  and  are  not  described 
further  in  this  chapter. 

2-4.3  RAY-TRACING  TECHNIQUE 

In  the  ray-tracing  technique,  the  antenna  is 
generally  considered  to  be  in  the  transmitting 
condition.  Rays  are  traced  from  various  points 
on  the  antenna  aperture  to  points  on  an  equiv¬ 
alent  aperture  outside  the  radome.  The  field  in¬ 
tensity  associated  with  each  ray  is  modified  in 
amplitude  and  phase  in  accordance  with  the 
complex  transmission  coefficient  of  the  radome. 
The  transmission  coefficient  is  considered  to  be 
a  function  of  the  angle  of  incidence,  the  polari¬ 
zation  of  each  ray,  and  the  wall  thickness  at  the 
point  where  the  ray  strikes  the  radome.  Use  is 
made  of  the  plane-wave,  plane -sheet  transmis¬ 
sion  coefficient.  When  a  modified  field  distribu¬ 
tion  on  the  equivalent  external  aperture  is  de¬ 
termined,  an  integration  is  performed  over 
this  aperture  to  calculate  the  far-field  patterns 
that  determine  the  boresight  error.  A  summary 
of  the  ray-tracing  methods  is  given  in  Reference 
27  and  also  discussed  in  Paragraph  2-1.3. 

Reference  28  presents  an  investigation  of  the 
ray-tracing  solution  for  the  far-field  pattern 
of  a  line  source  that  is  located  off-center  in  a 
radome  consisting  of  a  circular  cylindrical  shell. 
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The  exact  boundary-value  solution  is  also  given 
for  shells  of  various  radii  and  thicknesses  with  a 
line  source  located  at  various  distances  from 
the  center.  The  dielectric  constant  of  the  shell 
is  4.0  in  each  case.  These  exact  solutions  are 
useful  for  evaluating  the  accuracy  of  various 
radome  boresight  error  prediction  methods.  The 
cylindrical  shell  is  not  entirely  satisfactory  for 
this  purpose,  however,  since  the  exact  solution 
is  available  only  for  cylinders  of  rather  small 
radius  (1.6  wavelengths).  Furthermore,  the 
vertex  scattering  problem  is  not  simulated  in 
this  radome  model. 

The  ray-tracing  method  has  also  been  em¬ 
ployed  with  the  antenna  assumed  to  be  in  the 
receiving  condition  with  a  plane  wave  incident 
on  the  radome  from  some  distant  source  (see 
References  29  to  33).  Rays  are  traced  through 
the  radome  to  the  antenna  aperture  in  a  direc¬ 
tion  parallel  to  the  axis  of  propagation  of  the 
incident  plane  wave.  The  field  intensity  asso¬ 
ciated  with  each  ray  is  modified  in  phase  and 
amplitude  in  accordance  -with  the  complex 
transmission  coefficient  of  the  radome  wall  for 
the  appropriate  angle  of  incidence  and  polariza¬ 
tion  of  each  ray.  Again,  the  plane-wave,  plane- 
sheet  transmission  coefficients  are  used.  To  cal¬ 
culate  the  voltage  received  at  the  antenna  ter¬ 
minals,  an  integration  is  performed  over  the  an¬ 
tenna  aperture  of  the  modified  field  intensity  of 
the  incoming  rays,  weighted  by  the  complex 
aperture  field  intensity  of  the  antenna  when  it 
transmits. 

Reference  29  shows  that  accurate  results  are 
obtained  by  this  method  when  the  "radome” 
consists  of  a  plane  dielectric  sheet  that  covers 
part  or  all  of  the  antenna  aperture  in  which  the 
dielectric  sheet  is  not  necessarily  parallel  with 
the  aperture.  Reference  30  reports  accurate  re¬ 
sults  with  this  method  at  the'design  frequency 
(where  reflections  are  minimized)  for  a  stream¬ 
lined  radome,  but  the  method  proved  inaccu¬ 
rate  at  frequencies  300  me  above  and  below  the 
design  value.  Reference  33  reports  some  success 
with  this  ray-tracing  method  as  applied  to  bore- 
sight-error  prediction  and  correction  for  a  ra¬ 
dome  enclosing  an  antenna  of  16  wavelengths 
diameter. 

Unfortunately,  it  appears  that  no  comparison 
has  been  made  of  the  relative  merits  of  the  two 
ray-tracing  methods,  i.e.,  the  receiving  problem 
vs.  the  transmitting  problem.  Whenever  the 


reciprocity  theorem  is  applicable,  it  is  known 
that  any  exact  or  highly  accurate  solutions  pro¬ 
duce  the  same  boresight-error  data  for  the  re¬ 
ceiving  and  transmitting  problems  However 
the  ray-tracing  solutions  cannot  be  considered 
to  be  highly  accurate  when  applied  to  small 
streamlined  radomes,  and  different  results  are 
to  be  expected  from  the  receiving  and  trans¬ 
mitting  formulations.  It  has  not  yet  been  estab¬ 
lished  which  formulation  yields  the  more  accu¬ 
rate  results. 

There  appears  to  be  a  considerable  increase 
in  computation  time  and  expense  with  the  re¬ 
ceiving  formulation  in  comparison  with  the 
transmitting  problem.  In  either  case,  it  is  neces¬ 
sary  to  calculate  several  points  on  the  far-fleld 
patterns  for  two  or  more  antenna  positions  if 
conical  scan  is  employed  to  determine  the  bore- 
sight  error,  If  the  antenna  is  considered  to 
transmit,  the  ray  amplitudes  and  phases  are 
modified  by  the  transmission  coefficients  oitly 
one  time  to  obtain  the  equivalent  external  aper¬ 
ture  distribution  that  yields  a  complete  far-field 
pattern.  If  the  antenna  is  considered  to  receive, 
the  incoming  plane  wave  must  be  carried 
through  the  radome  (modified  by  the  transmis¬ 
sion  coefficients)  several  times  (for  different 
angles  of  arrival)  to  obtain  a  useful  portion  of 
the  far-field  pattern.  No  justification  is  known 
at  the  present  time  for  this  added  computation 
in  terms  of  improved  accuracy. 

2-4.4  SCATTERING  TECHNIQUE 

The  scattering  technique  for  boresight-error 
prediction  is  presented  in  References  24  to  26. 
Reference  34,  however,  indicates  two  errors  in 
the  equations  presented  in  References  24  to  26. 
It  also  states  that,  although  a  method  has  been 
worked  out  for  obtaining  a  numerical  solution 
for  the  integral  equation  and  attempts  have 
been  made  to  apply  it  to  a  specific  radome,  using 
a  large  digital  computer  in  an  iterative  process, 
unfortunately,  a  converging  solution  has  not 
been  obtained. 

Two  additional  errors  in  the  equations  of 
References  24  to  26  are  indicated  in  Reference 
33.  It  also  states  that  preparation  of  computer 
programs  and  codes  was  about  three  to  four 
times  as  expensive  for  the  scattering  method 
as  for  the  ray-tracing  method,  Actual  machine 
running  costs  were  from  80  to  120  times  greater 
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for  the  scattering  method  as  for  the  ray-tracing 
method.  Convergence  of  iterations  in  a  strict 
sense  was  never  obtained.  Scattering  method 
calculations  of  patterns  agreed  more  with  the 
general  shape  of  measured  patterns  than  did  the 
ray -tracing  calculations.  This  is  true  mainly  for 
larger  angles.  In  fact,  for  some  smaller  angles, 
the  ray-tracing  patterns  were  in  better  agree¬ 
ment  than  were  the  scattering  calculations, 
(These  results  occurred  in  the  investigation  of 
a  wedge  radome  with  a  dielectric  constant  of 
2.6,  enclosing  a  horn  antenna  with  an  aperture 
width  of  2  wavelengths.) 

2-4.5  INTEGRAL-EQUATION  TECHNIQUE 

The  scattering  technique  has  been  employed 
successfully  in  some  radome  problems  by  avoid¬ 
ing  the  iteration  method  presented  in  Refer¬ 
ences  26  and  36.  Reference  36  shows  that  con¬ 
vergence  of  the  iteration  method  is  not  assured 
unless  the  dielectric  constant  and/or  thickness 
is  very  small.  Reference  36  presents  the  solu¬ 
tion  of  the  impedance  and  the  far-field  patterns 
of  a  dipole  located  off  center  in  a  thin  spherical 
radome.  With  the  approximation  of  the  total 
field  in  the  dielectric  by  the  incident  field,  Refer¬ 
ence  37  presents  the  analysis  of  the  scattering 
patterns  of  a  thin  dielectric  ring  and  Reference 
38  the  scattering  patterns  of  a  thin  conical  ra¬ 
dome. 

Reference  39  presents  the  integral-equation 
technique  to  calculate  the  plane-wave  scattering 
pattern  of  a  circular  dielectric  cylindrical  shell, 
and  the  results  show  excellent  agreement  with 
the  exact  classical  solution.  Similar  calculations 
for  the  pattern  of  a  horn  antenna  in  a  wedge 
radome  and  the  pattern  of  a  horn  with  its  aper¬ 
ture  partially  covered  with  a  half-wave  dielec¬ 
tric  sheet  show  excellent  agreement  with  ex¬ 
perimental  measurements.  These  were  treated 
as  two-dimensional  scattering  problems  and 
were  solved  with  the  aid  of  a  relatively  small 
IBM  1620  computer.  The  technique  follows : 

a.  The  radome  is  divided  into  cells  suffi¬ 
ciently  small  so  that  the  electric  field  in¬ 
tensity  is  nearly  uniform  throughout  any 
given  cell. 

b.  The  incident  field,  i.e.,  the  field  set  up  by 
the  antenna  without  a  radome,  is  calcu¬ 
lated  at  the  center  of  each  cell. 

c.  The  integral  equation  for  the  field  is  re¬ 


duced  to  a  system  of  simultaneous  linear 
equations  in  the  unknown  field  intensity 
at  the  center  of  each  cell, 

d.  This  system  of  equations  is  Solved  to  ob¬ 
tain  the  complex  electric  field  intensity 
distribution  in  the  radome  wall. 

e.  The  polarization-current  concept  is  em¬ 
ployed  to  calculate  the  far-field  pattern  of 
the  antenna  with  a  radome. 

Three  techniques  that  are  useful  in  reducing 
the  calculation  time  are  as  follows; 

a.  Rather  than  using  an  iteration  procedure 
that  begins  with  the  incident  field  or  with 
the  ray-optics  solution,  the  fields  in  the 
radome  wall  are  considered  as  a  set  of  un¬ 
knowns  in  a  system  of  linear  equations. 

b.  Lagrange  interpolation  is  employed  to  re¬ 
duce  the  number  of  linear  equations  by 
a  large  factor. 

c.  Only  the  field  in  the  radome  vertex  region 
need  be  considered  unknown.  The  field  in 
the  remainder  of  the  radome  is  given  with 
sufficient  accuracy  by  the  ray-optics  solu¬ 
tion,  unless  strong  reflections  or  surface- 
wave  excitations  occur. 

If  the  approximation  in  Btep  c  is  avoided,  the 
solution  includes  the  effects  of  scattering  by  the 
radome  vertex  region,  multiple  reflections,  and 
surface-wave  excitation  in  the  radome,  even 
though  these  phenomena  need  not  be  considered 
explicitly  in  obtaining  the  solution.  The  greater 
part  of  the  calculations  involves  just  the  ra¬ 
dome  geometry.  After  this  is  completed,  a  rela¬ 
tively  simple  calculation  is  required  to  investi¬ 
gate  the  effects  of  rotating  the  antenna  or  re¬ 
placing  it  with  a  different  antenna. 

To  illustrate  the  technique,  it  was  applied 
to  the  pyramidal  horn  antenna  with  a  wedge- 
shaped  radome  shown  in  Figs.  2-30  and  2-31. 
The  calculated  electric  field  intensity  in  the  ra¬ 
dome  wall  is  illustrated  in  Fig.  2-32.  Figure 
2-33  shows  the  measured  and  calculated  far-field 
patterns  of  the  horn  with  the  wedge  radome. 
For  comparison,  the  free-space  patterns  are 
also  shown,  It  may  be  noted  that  excellent  agree¬ 
ment  occurs  between  the  measured  and  calcu¬ 
lated  results.  For  details  of  the  theory  and  the 
calculations,  see  Reference  S9. 

The  dielectric  sheets  of  the  wedge  radome  in 
this  example  are  so  thin  that  a  ray-tracing  solu¬ 
tion  also  provides  good  results.  However,  the  in¬ 
tegral-equation  technique  just  described  also 
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yields  accurate  far-field  patterns  for  a  horn 
with  its  aperture  partially  covered  with  a  half¬ 
wave  dielectric  sheet,  a  situation  in  which  the 
ray-tracing  technique  has  been  found  to  be  in¬ 
adequate. 

2-5  METAL-LOADED  RADOME  DESIGN 

A  radome  may  be  loaded  with  metal  particles 
or  metal  structures  to  increase  the  strength  or 


Figure  2-30.  Horn  Anfonna  and  Wedge  Radome 
Used  fo  llluitratti  Integral-Equation  Solution 


the  strength-to-weight  ratio,  the  tolerances  in 
the  dimensions,  and  the  dielectric,  constants,  or  to 
improve  the  electrical  characteristics,  such  as 
the  bandwidth  and  the  boresight  error.  Some 
types  uf  metal  loading  offer  improvements  in 
some  of  these  parameters,  but  they  generally 
involve  some  sacrifice  in  another  parameter. 

Loading  with  tiny  straight  wires,  spheres, 
helices,  etc.,  has  not  been  entirely  successful 
(Reference  40).  It  has  been  shown  that  the 
effective  dielectric  constant  can  be  increased 
considerably  by  loading  with  tiny  particles  of 
metal  or  titanium  dioxide,  with  a  slight  in¬ 
crease  in  the  loss  tangent  or  a  decrease  in 
strength  (Reference  41).  The  dielectric  con¬ 
stant  may  also  be  adjusted  by  loading  with  hol¬ 
low  glass  microspheres  (Reference  42). 

2-5.1  METAL  GRATING  FOR  SUPPRESSION  OF 
CROSS-POLARIZATION 

The  requirement  for  a  polarization  grating  or 
filter  originated  with  acquisition  problems  en¬ 
countered  with  vertically  polarized,  conical- 
scan,  shipboard  radars.  In  these  antennas, 
power  modulation  is  employed  to  reduce  low- 
angle  scatter  return.  The  result  is  a  depressed 
null  axis  that  does  not  coincide  with  the  parab¬ 
oloid  axis,  and  the  introduction  of  a  significant 
amount  of  cross-polarization  on  the  depressed 
null  axis,  When  the  target  is  a  circularly  polar- 
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ized  antenna,  the  modulation  of  the  cross-polari¬ 
zation  component  produces  a  shift  of  anoroxi- 
mately  10  milliradians  from  the  true  null  or 
boresight. 

To  correct  this  situation,  radome  polarization 
gratings  were  developed  to  provide  environmen¬ 
tal  protection  of  the  antenna  and  rejection  of  the 
orthogonal  polarization  (Reference  43).  The 
antenna  and  radome  are  shown  in  Fig,  2-34.  A 
plane  grating  is  employed  that  is  supported  by 
a  cylindrical  shell.  The  grating  consists  of  a 
series  of  straight  parallel  aluminum  plates 
spaced  approximately  one-fourth  wavelength 
apart  and  supported  in  a  slotted  styrofoam 
structure.  The  entire  structure  is  covered  with 
a  thin  epoxy-fiberglass  laminate  for  mechanical 
protection  and  strength.  The  thickness  is  ap¬ 
proximately  2  in.  The  combination  radome-grat- 
ing  is  shown  in  Fig.  2-35.  Laboratory  tests  of 
the  radome-grating  were  carried  out  with  sev¬ 
eral  different  targets,  including  a  horn  antenna, 
a  pair  of  crossed  dipoles,  and  a  helical  antenna. 
It  was  found  that  the  radome-grating  virtually 
eliminated  the  boresight  shift.  Shipboard  tests 
of  the  antenna-grating  combinations  showed 
that  target  acquisition  is  accomplished  much 
more  readily  with  the  modified  units. 


Figure  2-32.  Calculated  Values  of  Incident  and 
Total  Electric  Field  Intensify  Set  Up  In  Wedge 
Radome  by  Hoifr-Antenna  at  9400  me 


Figure  2-33.  Measured  and  Calculated  Far-Fleld 
Patterns  of  Horn  Antenna  with  Wedge  Radome 
Using  Integral-Equation  Solution  l H-Plane  Patterns) 


Figure  2-34.  Combination  Radome-Groling  for 
Paraboloidal  Antenna 


\ 
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2-5.2  LOADING  WITH  WIRE  GRIDS  OR 
PERFORATED  METAL  SHEETS 

Reference  44  shows  that  a  dielectric  sheet 
can  be  ioaded  with  wire  grids  or  perforated 
metal  sheets  to  approach  the  transparency  of 
a  layer  of  free  space  at  any  given  frequency  for 
perpendicular  polarization.  No  metal  structure 
is  known,  however,  whose  shunt  reactance 
varies  in  the  proper  manner  to  match  a  thin 
dielectric  sheet  over  a  wide  range  of  incidence 
angles  for  parallel  polarization. 

A  thin  dielectric  sheet  with  a  dielectric  con¬ 
stant  of  9.3,  containing  a  perforated  metal 
sheet,  has  the  electrical  characteristics  shown 
in  Fig.  2-36.  This  figure  shows  that  the  effective 
dielectric  constant  is  indeed  very  close  to  unity 
for  perpendicular  polarization.  This  radome, 
whose  design  parameters  ore  listed  in  Table  2-1, 
is  0.1  free-space  wavelengths  thick.  If  the  ra¬ 
dome  were  thinner,  the  transmission  would  not 
fall  off  as  rapidly  for  parallel  polarization,  but 


TABLE  2-1  DESIGN  PARAMETERS  FOR  RADOME 
WITH  ONE  EMBEDDED  PERFORATED 
METAL  SHEET 


Match  wavelength  in 
free  space 

*0 

Match  wavelength  in 
dielectric 

Xu  =  W  VS 

Match  angle 

$l  =  8B" 

Match  polarization 

X 

Relative  dielectric 
constant,  «r 

9.8 

Radome  thickness 

0.305  =  0,100  \o 

(0.126  in.  at  0375  me) 

Position  of  perforated 
metal  sheet 

Ac  radome  midplanc 

Thickness  of  perforated 
metal  sheet 

zero 

Shunt  reactance  of  per¬ 
forated  metal  sheet  nor¬ 
malized  to  Impedance  of 
the  dielectric : 

Perpendicular 

polarization 

(cos  # j)/2.40 

Parallel  polarization 

1  —  0.8  sin-  h 

2.40  cos  #2 

the  amount  of  metal  in  the  radome  would  have 
to  be  ucCicuaeti.  The  frequency  bandwidth  of 
this  radome,  which  is  about  the  same  as  a  one- 
half-wavelength  radome  with  the  same  dielec¬ 
tric  constant,  would  also  increase  if  the  radome 
were  thinner.  Tolerances  on  the  total  thickness 
of  this  metal-loaded  radome  are  the  same  as 
for  a  one-half-wavelength  radome  with  the  anmc 


ANGLE  OF  INCIDENCE  (DEGREES) 


Figure  2-36.  Electrical  Characlerltllct  o I  Thin 
Dielectric  Sheet  with  Perforated  Metal  Sheet 
at  Midplane 
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dielectric  constant,  hut  tolerances  on  the  posi¬ 
tion  of  the  metal  sheet  are  less  stringent.  To 
obtain  greater  strength  without  greatly  chang¬ 
ing  the  transmission  and  insertion  phase  delay 
characteristics  for  perpendicular 
several  of  these  thin  dielectric  sheets  containing 
inductive  walls  can  be  cascaded.  This  cannot  be 
done  successfully  with  thin  dielectric  sheets 
without  the  metal  structures, 

It  is  practical  to  obtain  fairly  good  electrical 
performance  for  both  polarizations  by  properly 
spacing  two  of  the  thin  metal-loaded  dielectric 
layers  so  that  their  reflections  cancel  at  some 
wide  incidence  angle.  If  a  low-dielectric-constant 
core  is  placed  between  the  two  high-dielectric- 
constant  3kins,  a  metal  loaded  "A”  sandwich 
rudome  results. 

The  design  parameters  for  two  “A”  sandwich 
radomes  loaded  with  wire  grids  and  for  two 
unloaded  “A”  sandwich  radomes  are  tabulated 
in  Table  2-2.  Power  transmission  coefficient 
curves  are  shown  in  Fig.  2-37A  for  a  radome 
with  wire  grids  at  the  skin-to-core  interfaces  ; 
in  Fig,  2-87B  for  a  radome  with  wire  grids  em¬ 
bedded  within  the  skins ;  and  in  Fig.  2-37G  for 


an  unloaded  radome  that  has  skins  only  one- 
third  as  thick  as  those  of  the  metal-loaded  “A’’ 
sandwiches.  Note  that  t.he  radome  with  wire 
grids  between  the  skins  and  the  core  has  trans¬ 
mission  characteristics  as  good  as  the  unloaded 
radome  over  their  usable  range  of  incidence 
angles,  and  the  radome  with  wire  grids  In  the 
skins  is  usable  over  a  somewhat  wider  range  of 
incidence  angles,  Power  transmission  curves  are 
shown  in  Fig.  2-37D  for  an  unloaded  radome 
whose  skins  are  of  the  same  thickness  as  the 
metal-loaded  radomes,  and  which  is  also  de¬ 
signed  to  be  matched  for  perpendicular  polari¬ 
zation  at  85°  incidence.  It  is  seen  that  the  trans¬ 
mission  of  this  radome  falls  off  rather  sharply 
near  normal  incidence.  Thus,  comparing  the 
three  “A"  sandwich  radomes  of  equal  electrical 
performance,  the  metal-loaded  radomes  would 
be  significantly  stronger  than  the  unloaded  ra¬ 
domes  because  of  their  thicker  skins. 

Insertion  phase  delay  curves  for  the  four  "A” 
sandwich  radomes  are  given  in  Fig.  2-38.  These 
curves  show  that  the  total  variation  in  inser¬ 
tion  phase  delay  is  about  the  same  for  the 
metal-loaded  radomes  as  the  unloaded  radomes. 


TABLE  2-2  DESIGN  PARAMETERS  FOR  “A*1  SANDWICH  RADOMES 


Kiidome  type 


Type  of  metal  inclusions 
Position  of  metal  Inclusions 

Match  angle 

Match  polarization 

Relative  dielectric  constant: 
in  skin,  «■ 


Radome  thickness 

Thickness  of  skin,'d» 

Thickness  of  core,  2dg 

Shunt  reactance  of  wire  grids  (at 
/>i  —  0)  normalized  with  respect  to 
impedance  of  skin  dielectric 

Wire  diameter,  D 

Center-to-eenter  spaeing  of  wires,  s 


Metal-loaded 
"A”  sandwich 

Wire  grids 

At  coro-to-skin 
interfaces 

«i  =  85° 


0.884  ill. 
0.076  ill. 
0.734  in. 


0.010  in. 
0.367  in. 


Metal-ioadcd 
‘A”  sandwich 

Wire  grids 

In  skins  0.026 
in.  from  core 


0.841  in. 
0.076  in. 
0.G91  in. 


0,0207  in. 


Unloaded 
A”  sandwich 


Hi  =  86° 


Unloaded 
'A1’  sandwich 


0,001  in. 
0.026  in. 
0.041  in. 


Note:  The  physical  dimensions  are  given  in  inches  for  u  design  frequency  of  0376  me.  For  other  design  fre¬ 
quencies,  multiply  the  dimensions  by  the  ratio  of  0376  me  to  the  design  frequency. 
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IPD  (RADIANS)  POWER  TRANSMISSION  COEFFICIENT 


Figure  2-37.  Power  Trantmittlon  of  “A"  Sandwich  Radomes 


Figure  2-38.  Insertion  Phase  Delay  of  “A"  Sandwich  Kadamet 
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^T/a",f!?,i,SSi0n  CUrveK  ttre  8ive«  >n  Reference 
for  A  sandwiches  loaded  with  wire  grids 
at  the  skin-to-core  interfaces  with  a  akin  dieiec- 
tnc  constant  of  9.0  and  core  dielectric  constant 
ana  XM'  reference  45  found  that  this  sand- 
wich  construction  had  two  distinct  advantages. 
A  sandwich  radomes  loaded  with  wire  grids 
can  be  designed  to  have  high  transmission  for 
both  polarizations  over  a  wide  range  of  inci¬ 
dence  angles  out  to  85‘.  This  is  in  contrast  to 
conventional  unloaded  “A"  sandwich  radomes, 
for  which  the  transmission  for  parallel  polari¬ 
sation  falls  off  rapidly  above  the  Rrewster  angle 
for  the  skin.  The  metal-loaded  "A”  sandwich 
radomes  also  require  significantly  less  stringent 
tolerances  on  the  core  thickness  than  unloaded 
A  sandwich  radomes  using  the  same  dielec¬ 
tric  material.  Presumably  the  tolerance  on  core 
dielectric  constant  would  also  be  less  stringent 
for  the  metal-loaded  "A"  sandwiches 


The  broadband  properties  of  radomes  loaded 

SrT?  are  discU8sed  in  Paragraph  2-6. 
Additional  information  on  radomes  loaded  with 

Wire  OTIrffl  »nrl  noxfoM.,i.d _ j  •  •  . 

.  t  ,  * . .  PU1U38  is  ore- 

sented  in  References  46  and  47. 

Reference  48  presents  a  study  of  the  effect" 
of  w’deiy-spaced  metal  grids  on  the  surface  of 
spherical  and  ogival  radomes.  The  spacing  be- 

?u6iTentS  of  the  exceed  one 
.  o  ,  whereas  the  radomes  just  described 

of  dfhfaCing8-  BSa  than  °ne  wavelength.  In  most 
tiS  eTnments-  8triP«  of  metal  foil  were 

iadnlr  6  u  SUrfaCC  °f  “  Production 

radomes,  as  shown  in  Pig.  2-39.  The  most  seri¬ 
ous  effect  of  the  metal  grids  was  found  to  bo 
Si  "  antennu  «“!»•  In  most  of  the 

wTdthC°  w  1eaed|  th1 effeCt  of  tho  grid  on  beam- 
*id^>  8id?iobe  level<  and  boresight  error  wub 

^\,S  was  trUe  evon  though  up  to  30% 

metaT  rad°me  surface  ,ire»  was  covered  with 


figvr*  2-39.  *qrfom#i  Showing  Metal  foil  Coverage 
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2-5.3  RESONANT-WALL  DESIGNS 


45)  consists  of  a  relatively  thick  metal  plate 
perforated  by  dielectric-filled  resonant  cavities 
all  tuned  to  the  same  frequency,  as  shown  in 
Fig.  2-40A.  It  is  also  possible  to  use  the  per¬ 
forated  metal  plate  in  conjunction  with  layers 
of  dielectric,  as  indicated  in  Figs.  2-40B,  C,  and 
D.  The  resonant-wall  radorne  appears  to  be  the 
most  promising  type  of  metal  loading  from  the 
mechanical  standpoint,  since  a  relatively  large 
percentage  of  the  radorne  is  metal.  4  nose  ra- 
dome  of  the  resonant-wall  type  might  be  similar 
to  that  shown  in  Fig,  2-41.  Except  for  the  metal 
tip  and  the  mounting  ring,  the  outer  surface 
would  be  covered  with  solid  dielectric  to  provide 
protection  against  rain  erosion.  No  dielectric  is 
shown  on  the  inner  surface  of  the  metal  plate, 
since  there  is  no  mechanical  reason  to  have  it 
there.  The  spacing  between  the  perforations  is 
assumed  to  be  sufficiently  small  that  only  the 


(A)  NO  SURFACE  (0)  DIELECTRIC  ON  (C)  DIELECTRIC  ON 
DIELECTRIC  ONE  SURFACE  BOTH  SURFACES 


METAL  PLATE 


(E)  SECTION  A-A 


77771  METAL 
dl  DIELECTRIC 


principal  transmitted  and  reflected  waves  need 
be  considered,  With  greater  spacing,  it  is  be¬ 
lieved  thtti.  uiiTracted  waves  would  decrease  the 
transmission  efficiency,  contribute  to  the  side- 
lobe  level,  and  increase  the  boresight  error. 

In  general,  it  has  been  found  that  resonant- 
wall  radomes  can  be  designed  to  give  high  trans¬ 
mission  over  a  wide  range  of  incidence  angles, 
but  over  a  more  restricted  frequency  bandwidth, 
and  with  a  slightly  larger  insertion-phase-delay 
variation  as  a  function  of  incidence  angle  than 
is  obtained  with  conventional  half-wave  ra- 
domes, 

Preliminary  data  have  been  obtained  on  the 
transmission  properties  of  a  metal  sheet  per¬ 
forated  with  noncircular  holes.  Reference  45 
found  that  the  resonance  frequency  of  a  metal 
sheet  perforated  by  ridge-loaded  apertures  de¬ 
pends  much  less  on  the  incidence  angle  than 
does  that  of  a  metal  sheet  perforated  by  circular 
apertures. 

On  the  basis  of  a  combined  theoretical  and  ex¬ 
perimental  study,  it  is  concluded  that  resonant- 
wall  radomes  are  intrinsically  narrow-band¬ 
width  devices  when  they  are  used  with  perpen¬ 
dicular  polarization  at  wide  angles  of  incidence, 
Nevertheless,  they  may  be  employed  in  situa¬ 
tions  where  their  electrical  deficiencies  are  out¬ 
weighed  by  their  mechanical  strength  advan¬ 
tages.  Some  of  the  techniques  and  the  problems 


Figure  2-40.  Several  Resonant-Wall  Radorne 
Configurations 


figure  2-41.  Note  Radorne  ot  Resonant-Wall  Typo 
Covered  with  Dlelecfrlc 


Y 


Figure  2-42.  Slotted  Metal  Sheet 


of  fabricating  metal-loaded  and  resonant-wall 
radomes  are  described  in  References  49  and  50. 

2-5.4  SLOTTED  METAL  RADOMES 

References  51  and  62  present  a  study  of  a 
slotted  metal  radome  in  an  application  involv¬ 
ing  parallel  polarization  with  a  rather  small 
range  of  angles  of  incidence.  Radomes  mounted 
on  supersonic  vehicles  must  operate  at  high 
temperatures  and  be  able  to  withstand  severe 
aerodynamic  stresses  and  rain  erosion.  These  re¬ 
quirements  have  resulted  in  the  use  of  inorganic 
materials,  such  as  alumina,  ceramics,  glass,  and 
glass-bonded  mica.  In  the  radome  construction* 
such  materials  have  been  used  sucessfully  for 
some  missile  radomes,  but  , .their  mechanical 
strength  is  apt  to  be  marginal  in  certain  super¬ 
sonic  applications.  As  a  possible  alternative,  the 
properties  of  slotted  metal  sheets  for  radome 
structures  have  been  investigated.  One  type  is 
the  slotted  metal  plane  sheet  with  air-filled  slots, 
as  shown  in  Fig.  2-42.  The  thickness  of  the 
metal  sheet  is  assumed  to  be  vanishingly  small 
with  perfect  conductivity.  Figure  2-43  shows 
the  theoretical  transmission  coefficient  for  nor¬ 
mal  incidence  as  a  function  of  nor  alized  fre¬ 
quency,  kua,  where  k„  is  the  wave  n.  mber.  The 
data  in  these  curves  apply  to  a  slotted  metal 


A/B*  2  In. 
CM*  1/2  in. 


Figure  2-43.  Calculated  Transmits! on  Coefficient  as 
a  Function  of  k„a 

sheet  without  any  dielectric  layer  and  clearly 
indicate  the  resonance  characteristics.  Total 
resonance  with  complete  cancellation  of  the  re¬ 
flection  of  the  incident  wave  by  the  metal  part 
of  the  sheet  is  obtained  and  should  be  distin¬ 
guished  from  the  individual  slot  resonance  that 
may  occur  at  a  wavelength  approximately  equal 
to  the  slot  circumference. 

Theoretical  and  measured  transmission  losses 
of  slotted  metal  sheets  are  plotted  in  Fig.  2-44 
for  normal  incidence  as  n  function  of  the  fre¬ 
quency.  Discrepancies  between  the  theoretical 
and  measured  results  may  be  caused  by  mechan¬ 
ical  imperfection  of  the  slots,  the  nonplanar  in¬ 
cident  wave,  and  the  existence  of  high-order 
modes.  Measured  transmission  characteristics 
for  oblique  incidence  are  shown  in  Fig.  2-46. 
The  effect  of  wave  polarization  is  evident.  For 
perpendicular  polarization,  attenuation  in¬ 
creases  with  the  angle  of  incidence.  For  parallel 
polarization,  the  attenuation  decreases  as  the 
angle  increases. 

The  slotted-metal  plane-sheet  technique  was 
applied  to  the  construction  of  a  full-size  nose 
radome  for  a  Boeing  707  aircraft.  The  antenna 
used  in  the  scanning  experiments  was  an  AVQ- 
10  weather  radar  antenna.  Since  the  AVQ-10 
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Figure  3-44.  Trtnimlnlon  lost  at  a  Function  of 
Frequency  i Normal  Incidence! 

is  an  azimuthal-scanning,  horizontally  polarized 
antenna,  the  slots  muBt  be  arranged  in  a  meri¬ 
dian-line  configuration  so  that  the  electric  field 
of  the  signal  is  parallel  to  the  narrow  side  of 
the  slot  at  all  usable  scan  angles.  See  Fig.  2-46, 
The  AVQ-10  weather  radar  was  mounted  inside 
the  metal  radome  in  a  position  exactly  as  it 
would  be  in  the  aircraft.  The  antenna  Is  a  80- 
in.  parabolic  dish,  operating  at  a  center  fre¬ 
quency  of  6.4  gc.  Radiation  pattern  measure¬ 
ments  were  taken  with  the  parabolic  antenna 
rotating  on  its  azimuth  axis. 

For  the  construction  of  a  smooth  metallic  copy 
of  the  final  radome,  a  production  radome  was 
used  as  a  mandrel.  Maaking-tape,  cut  to  the  size 
of  the  desired  slots,  was  placed  on  the  outside 
surface  of  the  radome  in  a  meridian-line  con¬ 
figuration.  Conducting  silver  paint  was  applied 
to  the  radome  until  microwave  transmission 
through  the  painted  radome  became  negligible 
(below  40  db) .  The  tape  was  then  removed,  leav¬ 


Flgure  2-45.  Measured  Transmission  toss  os  a 
Function  of  Frequency  I Oblique  Incidence) 

ing  an  array  of  slots.  See  Fig  2-47.  The  dimen¬ 
sions  used  for  the  slots  were  a/b  =  2,  c/a  — 
2/3,  and  d/b  =  1.  The  calculated  free-space 
resonance  was  at  k„a  =  4.66.  A  value  of  a  =  1.6 
in.  was  chosen  to  account  for  the  20%  reduction 
in  resonant  frequency  caused  by  the  dielectric. 
The  radome  was  expected  to  operate  at  4.6  gc. 

Antenna  patterns  with  and  without  the  metal 
radome  are  shown  in  Fig.  2-48  for  frequencies 
from  4  to  6  gc.  The  frequency  of  highest  trans¬ 
mission  efficiency,  between  4.6  and  4.876  gc, 
agreed  with  the  calculated  value  of  4.6  gc.  Fig¬ 
ure  2-49  shows  the  antenna  patterns  taken  at 
4.876  gc  for  scan  angles  from  0°  to  90°.  The 
antenna  pattern  and  the  input  VSWR  were  not 
appreciably  modified  by  the  radome;  however, 
the  transmission  loss  was  about  1.3  db  at  4.876 
gc  for  all  scan  angles.  Some  of  this  loss  was 
caused  by  attenuation  in  the  dielectric  layer. 
Although  the  mechanical  strength  of  the  slot¬ 
ted  metal  was  not  investigated,  it  is  estimated 
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that  such  a  slotted  metal  radome  will  retain 
50  7<  of  the  structural  integrity  of  the  solid 
metal  sheet.  If  a  high-strength,  high-tempera¬ 
ture  alloy  is  used,  metal  thicknesses  of  1/8  to 
1/4  in.  should  be  sufficient  even  at  Mach  2  or  3. 

2-5.5  DIPOLE  FEED-THROUGH  RADOMES 

Reference  53  presents  the  results  of  the  study 
of  the  properties  of  a  metal  radome  in  which 
the  radar  energy  is  intercepted  by  an  array  of 
dipoles,  fed  through  tiny  holes  in  the  radome 
via  transmission  lines,  and  reradiated  by  a  sim¬ 
ilar  array  of  dipoles  on  the  other  side.  This  un¬ 
usual  structure  has  been  called  a  seannable  ray- 
fed  radome.  An  ordinary  dish  or  horn  antenna  is 
mounted  within  the  radome  to  illuminate  the 
inner  array  of  dipoles.  Scanning  is  accomplished 
in  the  conventional  manner  by  aiming  the  en¬ 
closed  antenna  in  various  directions.  One  or 
both  of  the  radome  surfaces  may  be  coated  with 
a  dielectric  layer  to  achieve  a  smooth  aerody¬ 
namic  surface,  while  retaining  the  mechanical 
strength  of  the  basic  metal  radome. 

Figure  2-50  illustrates  a  plane  version  of  the 


Figure  2-46.  Experimental  Setup  for  Radiation 
Pattern  Meoturements 


dipole  feed-through  radome  constructed  for  test 
purposes.  This  radome  contains  a  pyramidal 
horn  antenna  and  »  large  ground  plane  with  an 
array  of  dipoIeB  connected  through  tiny  trans¬ 
mission  lines  to  a  similar  array  on  the  opposite 
side.  Scanning  was  accomplished  successfully 
with  this  test  model,  but  the  transmission  effi¬ 
ciency  was  rather  low  as  a  result  of  impedance 
mismatch  in  the  array  and  the  limited  area  of 
the  dipole  array.  Studies  of  the  dipole  feed¬ 
through  radome  are  being  continued  in  an  ef¬ 
fort  to  improve  the  transmission  efficiency. 

Since  impedance  matching  is  a  prime  con¬ 
sideration,  automatic  digital  calculations  were 
made  of  the  driving-point  impedance  of  the 
half-wave  dipoles  in  a  large  plane  array  over  a 
ground  plane.  The  coordinate  system  used  is 
shown  in  Fig.  2-51.  Figure  2-52  shows  the  driv¬ 
ing-point  resistance  for  a  thin  half-wave  dipole 
in  a  large  array  as  a  function  of  the  scan  angle 
in  the  H-plane  from  <f>  =  0°  (broadside)  to  = 
50°.  The  dipole  spacing  (center-to-center)  in 
the  y-direction  is  d,  =  0.6  wavelength  in  each 
case.  The  dipole  spacing  in  the  x-direction  is  dx. 
The  distance  of  the  dipoles  above  the  ground 
plane  is  0.25  wavelengths  in  each  case. 

The  power  transmission  efficiency  for  these 
arrays,  assuming  a  conjugate  impedance  match, 
is  shown  as  a  function  of  scan  angle  in  Fig. 
2-53.  These  results  are  theoretical  and  are  based 


.• Figure  2-47.  Silver  Slotted  Kadome  for  Boeing  707 
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Flgurm  2-SO.  Plant,  Version  of  Dipole  Feed 


■  Through  Radome  with  Pyramidal  Horn 


on  the  assumption  of  perfect  conductivity  in  the 
dipoles  and  the  ground  plane.  The  date  in  this 

sEinn^K?  intenued  10  represent  a  realistic 
situation  because  they  apply  only  if  the  im¬ 
pedances  m  the  array  are  readjusted  to  main¬ 
tain  a  conjugate  match  at  each  new  scan  angle, 
n  practice,  the  impedances  would  no  doubt  be 
adjusted  for  maximum  transmission  efficiency 

™e.  ■,ar  iC“Ifr  ang,e  of  incj'denee.  Thus,  a 
mismat.,h  would  occur  at  other  scan  angles  re- 
suhmg  in  an  efficiency  lower  than  that  shown  in 


?-6  BROADBAND  RADOME  DESIGN 

A  combination  of  extremely  large  bandwidth 
and  low  boresight  error  is  difficult  to  obtain  in 
a  streamlined  radome  with  high-temperature 
capabilities,  but  fortunately,  such  a  combination 
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Figure  2-SI.  Coordinate  System  for  Dipole  Array 
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Figaro  3-52.  Driving-Point  (iiiilmci  vt 
Scan  Anglo  tor  largo  Arroyo 


Figaro  2-53.  Efficiency  vt  Scan  Anglo  for 
Impodanto-Matthod  Arroyo 


is  seldom  required.  Streamlined  boresight.  ra- 
domes  generally  operate  at  a  single  frequency 
or  over  a  rather  narrow  band,  but  a  broadband, 
streamlined,  low-boresight  radome  will  find  con¬ 
siderable  demand  if  it  can  be  developed.  At  the 
present  time,  radomes  with  extreme  bandwidths 
are  employed  chiefly  in  electronic  countermeas¬ 
ures  (ECM)  systems,  where  boresight  error  is 
unimportant. 

The  term  broadband  radome  may  have  dif¬ 
ferent  implications  in  different  situations.  It 
may  imply  a  bandwidth  of  40  gc  or  more  in  an 
ECM  system,  |  or  a  bandwidth  of,  say,  500  kc 
in  a  streamlined  boresight  radome  operated  at 
10  gc. 

Some  of  the  wall  structures  proposed  for 
broadband  radomes  are  multilayer  sandwiches, 
inhomogeneous  layers,  anisotropic  media,  metal- 
loaded  structures,  and  tunable  radomes.  Several 
of  these  structures  are  discussed  in  the  follow¬ 
ing  paragraphs,  with  emphasis,  in  most  cases, 
on  high  transmission  over  a  range  of  frequen¬ 
cies,  angles  of  incidence,  and  polarizations. 


2-6.1  BANDWIDTH  OF  SOLID-WALL  RADOMES 

Reference  54  presents  the  results  of  the  study 
of  the  bandwidth  of  solid-wall  radomes.  Figure 
2-54  illustrates  the  transmission  coefficient  as  a 
function  of  frequency  for  a  lossless  solid-wall 
radome  and  shows  the  bandwidth  for  a  thin  wall 
and  a  half-wave  wall  for  a  given  minimum  al¬ 
lowable  transmission  coefficient.  The  bandwidth 
of  a  given  lossless  wall  operated  as  a  half-wave 
layer  is  twice  the  bandwidth  it  has  as  a  thin 
wall.  Figures  2-65  and  2-56  show  the  product  of 
the  thickness  and  the  bandwidth  as  a  function 
of  angle  of  incidence  for  lossless  thin  walls  with 
perpendicular  and  parallel  polarization,  respec¬ 
tively.  Reference  64  alflo  gives  bandwidth  curves 
for  solid  walls  with  dielectric  constants  from 
1.1  to  20.0,  and  the  percent  reduction  in  band¬ 
width  in  low  loss  solid  walls. 

In  general,  the  bandwidth  for  maximum 
transmission  coefficient  can  be  increased  by  de¬ 
creasing  the  dielectric  constant,  the  thickness, 
the  loss  tangent,  and  the  angle  of  incidence.  For 
parallel  polarization,  the  bandwidth  can  be  in- 
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Flgura  2-5 4.  Trantmlnlon  Coefficient  vi  Frequency 
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creased  by  choosing  the  dielectric  constant  such 
that  the  Brewster  angle  falls  within  the  operat¬ 
ing  range  of  angles  of  incidence. 

Figures  2-57  and  2-58  are  figure-of-merit  con¬ 
tour  maps  for  lossless  solid  walls  for  perpen¬ 
dicular  and  parallel  polarization,  respectively 
(Reference  55).  The  figure  of  merit  is  taken  to 
be  the  minimum  power  transmission  coefficient 
for  a  given  angle  of  incidence  as  the  frequency 
is  varied  over  a  broad  range.  These  maps  are 
convenient  for  determining  at  a  glance  the  use¬ 
ful  range  of  angles  of  incidence  for  a  solid  wall 
with  a  given  dielectric  constant  and  a  prescribed 
minimum  power  transmission  coefficient.  In  a 
system  requiring  an  extremely  large  bandwidth, 
the  radome  operates  as  a  one-quarter-wave  ra- 
dome  with  minimum  transmission  at  some  fre¬ 
quencies  in  the  band.  Therefore,  the  radome 


Figure  2-55.  Thlcknatt  Tima >  Bandwidth  for  Lottlatt  Thln-Wall  Radoma i  with 
Par/tandlevlar  Polarization 
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THICKNESS  TIMES  BANDWIDTH  (cm* gel 


Figaro  2-56.  Thleknott  Tlmot  Bandwidth  for  Lottlott  Thln-Wall  Radomot  with 

Parade/  Polarization 


Figaro  2-57.  Con tdurt  of  Minimum  Power  Trantmliilon  Coofflclont  over  Broad 
frequency  Band  for  Solid-Wall  Radamoi  with  Porpondltular  Polar'ratlon 
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thickness  need  not  be  known  in  using  the  con¬ 
tour  maps  in  Figs.  2-67  and  2-68.  Figure  2-69 
illustrates  the  transmission  properties  of  a  thin- 
wall  radome  as  a  function  of  frequency  for  nor¬ 
mal  and  oblique  incidence. 

A  thin-wall  radome  has  high  transmission  at 
all  frequencies  from  zero  to  the  upper  limiting 
frequency,  where  the  thickness  is  no  longer  a 
small  fraction  of  the  wavelength.  Thus,  as  the 
radome  thickness  is  decreased,  its  upper  fre¬ 
quency  limit  increases  and  the  bandwidth  is 
increased.  However,  mechanical  strength  re¬ 
quirements  put  a  lower  limit  on  the  radome 
thickness,  and  this  generally  prevents  the  use 
of  thin-wall  radomes  at  frequencies  above  15 
gc.  The  upper  frequency  limit  of  the  thin-wall 
radome  is  determined  by  its  low  transmission 
efficiency  for  perpendicular  polarization  at  high 
angles  of  incidence.  The  upper  frequency  limit 
can  be  extended  somewhat  by  pressurization  to 
improve  the  mechanical  strength  and  by  ar¬ 
rangements  that  maintain  parallel  polarization 
for  all  scan  angles. 

It  would  seem  that  the  upper  frequency  limit 
of  the  thin-wall  radome  could  also  be  extended 
by  employing  a  material  whose  dielectric  con¬ 
stant  is  a  function  of  the  frequency,  decreasing 
as  the  frequency  increases.  Many  materials  are 


known  to  have  this  property,  including  bakelite, 
laminated  fiberglass,  neoprene  compound,  por¬ 
celain,  and  plexiglass.  These  are  rather  high- 
loss  materials,  with  the  exception  of  laminated 
fiberglass.  Artificial  dielectric  media,  such  as 
those  loaded  with  metallic  dielectric  particles  or 
constructed  of  alternate  thin  layers  of  high  and 
low  dielectric  constants,  also  have  effective 
dielectric  constants  that  vary  with  the  fre¬ 
quency.  These  materials  might  provide  some  in¬ 
crease  in  the  bandwidth  of  the  thin-wall  ra¬ 
dome  while  maintaining  the  required  mechani¬ 
cal  strength. 


2-6.2  BROADBAND  THREE-LAYER  SANDWICHES 

A  study  of  unsymmetrical  three-layer  sand¬ 
wiches  is  presented  in  Reference  56.  At  a  sin¬ 
gle  frequency,  the  transmission  coefficient  and 
insertion  phase  delay  were  calculated  as  a  func¬ 
tion  of  angle  of  incidence  for  sandwiches  hav¬ 
ing  unequal  skin  thicknesses  and  dielectric  con¬ 
stants.  The  results  of  a  large  number  of  cal¬ 
culated  cases  indicate  that  the  unsymmetrical 
three-layer  sandwich  has  no  advantage  over  the 
symmetrical  sandwich  with  respect  to  trans¬ 
mission  efficiency  or  phase  delay. 


Figure  2-58.  Contours  of  Minimum  Power  Transmission  Coefficient  over  Broad 
Frequency  Band  for  Solid-Wall  Radomes  with  Parallel  Polarization 
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figure  2-59.  Power  Transmission  Coefficient  vs  Frequency  for  Thin-Wall  Rodomes 


Reference  57  presents  the  results  of  a  study 
of  the  broadband  properties  of  “A,f  sandwiches 
using  a  core  material  having  a  very  low  dielec¬ 
tric  constant.  It  was  found  that  an  “A”  sandwich 
can  be  designed  to  operate  efficiently  over  a  fre¬ 
quency  band  from  0  to  20  gc  for  rather  large 
angles  of  incidence,  and  from  0  to  60  gc  for 
small  angles  of  incidence.  As  in  the  thin-wall 
radome  design,  the  bandwidth  of  the  "A”  sand¬ 
wich  increases  as  the  skins  are  made  thinner. 
Thus,  mechanical  strength  requirements  again 
limit  th«  bandwidth  obtainable.  To  make  a  valid 
comparison  of  the  broadband  properties  of  the 
chin-wall  radome  and  the  “A”  sandwich,  it 
would  be  neecssary  to  enforce  the  same  impact 
strength  and  flexural  strength  requirements  on 
both  structures. 

Figures  2-60,  2-61,  and  2-62  show  the  trans¬ 
mission  properties  of  an  “A”  sandwich  "S  a 
function  of  frequency  for-normal  and  oblique  in¬ 
cidence  (Reference  57).  It  may  be  noted  that 
the  upper  frequency  limit  occurs  when  the  skin 
thickness  is  no  longer  a  small  fraction  of  the 
wavelength,  and  the  transmission  efficiency  be¬ 
comes  quite  poor  for  perpendicular  polarization 
at  large  angles  of  incidence.  From  the  study, 


simplified  design  equations  for  “A”  sandwiches 
were  derived. 

Reference  58  describes  the  design  of  an  “A” 
sandwich  for  a  broadband  ECM  wing-pod  ra¬ 
dome.  The  sandwich  has  a  total  thickness  of 
0.7  in.,  including  a  0.01-in.  layer  of  neoprene 
for  rain-erosion  protection.  An  epoxy  preim¬ 
pregnated  glass  cloth  was  used  for  the  skins. 
The  core  is  a  preformed  nylon  phenolic  honey¬ 
comb  material  with  3/1 6-in.  cells.  No  informa¬ 
tion  is  given  on  the  bandwidth,  layer  thick¬ 
nesses,  or  dielectric  constants. 

2-6.3  BROADBAND  MULTILAYER  SANDWICHES 

Reference  59  presents  the  development  of  two 
techniques  for  synthesizing  a  multilayer  sand¬ 
wich  so  that  it  has  a  specified  transmission  co¬ 
efficient  over  a  given  frequency  range.  Refer¬ 
ence  58  describes  the  design  of  broadband  sand¬ 
wiches  having  7  and  11  layers.  Reference  60 
presents  the  investigation  of  computer  optimi¬ 
zation  of  broadband  multilayers.  Case  1  is  an 
attempt  to  broadband  a  12-layer  wall  from  10 
to  26  gc,  starting  from  a  highly  unacceptable 
structure.  The  merit  function  is  simply  the 
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Figure  2-6 0.  Power  Transmission  Coefficient  vt  Frequency  for  Lossless 
“A"  Sandwich  with  Normal  Incidence 
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total  unweighted  sum  of  the  perpendicular 
transmission  coefficients  with  steps  of  6  gc  in 

franimnmr  owrl  10°  in  jtiriHAnrA  A  no-lp  from  0° 

to  70°.  The  initial  transmission  volume  is  shown 
pictorially  in  Fig.  2-63,  The  outer  layer  is  a 
rain-erosion  coating  with  a  dielectric  constant 
of  2,99  and  a  thickness  of  0.01  in,  The  variables 
are  the  thicknesses  of  the  11  remaining  layers, 
Although  an  optimum  design  was  not  achieved 
because  of  excessive  computer  time,  the  final  de¬ 
sign  is  considerably  superior  to  the  initial  one. 
The  final  transmission  volume  is  pictured  in 
Fig  2-64,  and  the  initial  and  final  parameter 
values  are  listed  in  Table  2-8. 

In  case  2,  the  broadband  requirements,  merit 
function,  and  outer  rain-erosion  coating  are 
identical  to  case  1.  The  variables  are  the  dielec¬ 
tric  constants  of  layers  2  through  12.  The  entire 
set  of  parameters  is  listed  in  Table  2-4,  The 
minimum  and  maximum  allowed  values  for  the 
core  and  akin  dielectric  constants  are  1.1  to  1.4 
and  3.8  to  4.4,  respectively.  The  total  computer 
time  for  the  optimization  was  0.6  hr  with  an 
IBM  7090  computer.  Figure  2-66  depicts  the 
rate  of  improvement  with  time,  As  is  common 


to  most  problems  using  the  dielectric  constants 
as  variables,  the  program  ran  smoothly.  How¬ 
ever.  the  lonir  slow  rate  of  change  near  the  end, 
which  persisted  regardless  of  efforts  to  accel¬ 
erate  the  process,  exemplifies  a  region  of  dimin¬ 
ishing  returns.  Teaking-up  the  final  structure 
can  be  costly,  considering  the  large  amount  of 
computer  time  necessary  to  produce  a  small  im¬ 
provement  in  the  average  transmission. 

Cases  3  through  6  involve  optimizing  the 
average  transmission  over  a  discrete  set  of  fre¬ 
quencies.  Case  3  is  essentially  the  same  as  case 
2,  except  that  the  structure  is  evaluated  at  three 
discrete  frequencies  (12,  20,  and  28  gc).  The 
initial  and  final  parameters  are  shown  in  Fig. 
2-66.  Cases  4  through  6  attempt  to  maximize  the 
average  transmission  at  10,  16,  25,  and  35  gc. 
The  initial  and  final  configurations  and  time 
history  for  case  4  are  shown  in  Figs.  2-67  and 
2-68,  respectively.  The  outer  layer  was  held 
constant  at  a  thickness  of  0.015  in.,  a  dielectric, 
constant  of  5.5,  and  a  loss  tangent  of  0.001.  The 
variables  were,  the  remaining  dielectric  con¬ 
stants,  which  were  constrained  between  2.2  and 
9.0.  Case  6  is  identical  with  case  4  except  for 


Figure  2-62.  Power  Transmittion  Coefficient  v*  Frequency  for  lotsfeu  “A" 
Sandwich  with  Oblique  Incidence  and  Parallel  Polarization 
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the  addition  of  five  layers  The  initial  and  final 
characteristics  are  shown  in  Fig.  2-69.  The 
basic  structure  for  case  5  is  the  same  as  that  for 
case  4,  except  the  variables  arc  the  thicknesses 
cf  layers  2  through  6.  The  thicknesses  all  have 
the  minimum  of  O.Oi  in.  The  initial  and  final 
characteristics  are  shown  in  Fig.  2-70. 

Additional  information  on  broadband  radome 
sandwiches  is  available  in  References  61,  62, 
and  63. 
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Figure  2 -65.  Time  Hlttory  lor  Cot*  2 


2-6.4  SURFACE  TREATMENT  FOR  REDUCED 
REFLECTION 

The  broadband  properties  of  a  radome  may  be 
improved  by  treating  the  surfaces  to  reduce  the 
interface  rellection  coefficients.  One  possibility 
is  to  cut  shallow  notches,  or  grooves,  in  the 
surfaces  to  simulate  a  surface  layer  having  a 
low  effective  dielectric  constant  (References  66, 
66,  and  67).  To  obtain  a  suitable  outer  surface, 
the  grooves  may  bfi  filled  with  a  material  having 
a  relatively  low  dielectric  constant. 

An  array  of  thin,  circular,  metal  disks  has 
been  employed  to  reduce  reflections  at  the  sur¬ 
faces  of  dielectric  lenses  (References  68  and 
69) .  This  technique  might  also  prove  useful  in 
radome  design. 

2-6.5  BROADBAND  METAL-LOADED  RADOMES 

Electronic  countermeasure  equipment  in  a 


supersonic  airplane  requires  a  large  radome 
having  high  strength  and  high  transmission  effi¬ 
ciency  over  a  wide  band  of  frequencies  (Refer¬ 
ence  69).  When  a  solid  wall  of  homogeneous 
material  is  used  for  an  ECM  radome,  the  trans¬ 
mission  is  low  at  certain  frequencies,  as  shown 
in  Fig,  2-71.  If  a  single  sandwich  is  made  with 
thick  skins  to  obtain  the  necessary  structural 
integrity,  similar  poor  performance  is  obtained 
(Fig.  2-72).  The  curves  for  this  figure  are  for 
an  incidence  angle  of  60° ;  the  situation  is  in¬ 
creasingly  worse  as  the  angle  of  incidence  is 
increased.  In  many  applications,  the  angles  of 
incidence  are  in  the  range  of  40°  to  80°. 

A  strong,  broadband  sandwich  may  be  re¬ 
alized  by  employing  thick  skins  in  which  are 
embedded  wire  gridB,  as  shown  in  Fig.  2-73. 
For  example,  Fig.  2-74  shows  the  performance 
of  such  a  metal-loaded  sandwich  for  perpen¬ 
dicular  polarization  with  the  wires  perpendicu¬ 
lar  to  the  plane  of  incidence.  The  skin  thickness 


TABLE  2-3  PARAMETER  VALUES  FOR  CASE  1 


Loyw 

fr 

Ton  i 

Initial  d 

Final  d 

1 

2.99 

0.006 

0.010 

0.010 

2 

4.10 

0.014 

0.030 

0.020* 

3 

1.20 

0.006 

0.160 

0.090 

4 

4.10 

0.014 

0.010 

0.086 

6 

1.20 

0.006 

0.150 

0.104 

6 

4.10 

0.014 

0.010 

0.023 

7 

1.20 

0.006 

0.150 

0.146 

8 

4.10 

0.014 

0.010 

0.018 

9 

1.20 

0.006 

0.150 

0.126 

10 

4.10 

0.014 

0.010 

0.026 

11 

1.20 

0.006 

0.150 

0.118 

12 

4.10 

0.014 

0.030 

0.020* 

ITJ* 

Average 

0.6039 

0.7911 

1  T,  |= 

Average 

G.-8P09 

0.S91S 

|T.p 

Minimum 

0.0911 

0.2793 

IX.  i2 

Minimum 

0.4016 

0.6345 

*  Constrained 

Value. 

TABLE  2-4  PARAMETER  VALUES  FOR  CASE  2 


Layar 

d 

Tan  t 

Initial  «r 

Final  fr 

i 

0.010 

0.006 

2.99 

2.09 

2 

0.010 

0.014 

4.1 

3.80* 

3 

0.138 

0.006 

1.2 

1.10* 

4 

0.010 

0.014 

4.1 

4.40* 

6 

0.138 

0.006 

1.2 

1.39 

6 

0.010 

0.014 

4.1 

4.19 

7 

0.138 

0.006 

1.2 

1.40* 

8 

0.010 

0.014 

4.1 

4.18 

9 

0.138 

0.006 

1.2 

1.32 

10 

0.010 

0.014 

4.1 

3.80* 

11 

0.138 

0.005 

1.2 

1.10* 

12 

0.010 

0.014 

4.1 

8.80* 

|Txp 

Average 

0.8436 

0.8761 

IXil2 

Average 

0.9138 

0,9172' 

|Tj_l2 

Minimum 

0.4479 

0.6343 

1  t,  p 

Minimum 

0.8036 

0.7991 

*  Constrained 

Value. 
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is  0.1  in.,  the  skin  dielectric  constant  is  4,  and 
the  wi  as  are  copper  with  a  diameter  of  0.01 
in.  F  gure  2-74A  shews  the  transmission  cill- 
ciercy  for  a  single  skin  loaded  with  a  wire 
grid.  The  reflection  from  a  single  skin  is  seen 
to  be  only  about  6%  at  12  gc;  the  maximum  re¬ 
flection  from  the  corresponding  sandwich  at  12 
gc  is  then  about  10% » leaving  a  power  transmis¬ 
sion  efficiency  of  about  90%.  At  16  gc,  the  re¬ 
flection  from  the  single  skin  will  be  about  50%. 

By  separating  the  identical  skins  by  a  low- 
di  electric-constant  core  at  a  distance  such  as  to 
cancel  the  reflections  from  the  individual  skins 
at  16  gc,  the  net  reflection  from  the  sandwich 
can  be  made  very  low  at  this  frequency.  At  fre¬ 
quencies  between  12  and  16  gc,  the  reflection 
will  be  greater  than  at  either  12  or  16  gc,  but 
will  be  small.  The  performance  of  this  sandwich 
is  expected  to  be  roughly  as  shown  in  Fig.  2-74B. 
It  can  be  further  reasoned  that  if  the  core  is 
made  such  a  thickness  as  to  affect  skin  reflec¬ 
tion  cancellation  at  a  low  frequency,  such  as 
8  gc.  cancellation  will  also  be  obtained  at  16  gc. 
The  resulting  curve  should  then  be  similar  to 
that  shown  in  Fig.  2-74C. 


Figure  2-76  shows  experimental  curves  for 
thick-skin  sandwiches  with  wire  grids  of  this 
type.  These  curves  do  reveal  the  principal  fea¬ 
tures  predicted  in  the  theoretical  curves  of  Fig. 
2-74.  The  power  transmission  efficiency  of  the 
sandwiches  approaches  90%  at  12  gc.  The 
curves  dip  on  either  side  of  this  mid-frequency 
and  peak  again  at  approximately  8  and  16  gc. 
These  experimental  sandwiches  of  30  X  48  in. 
polystyrene  foam  cores  were  not  designed 
panels,  but  ones  whose  construction  is  based  on 
limited  laboratory  cut-and-try  efforts.  It  is  rea¬ 
sonably  certain  that  a  curve  such  as  the  dotted- 
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Figure  2-48.  Time  History  for  Cate  4 
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Figure  2-69.  Transmission  Curvet  for  Case  6 
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Flgur e  2-70.  Transmission  Curves  for  Case  5 


line  curve  of  Fig.  2-75  could  be  obtained  by 
using  a  properly  designed  thick-skin  radome 
with  wire  grids.  If  perpendicular  polarization 
is  maintained  in  such  a  way  that  the  electric  vec¬ 
tor  is  parallel  with  the  embedded  wires,  the  per¬ 
formance  shown  in  Fig.  2-76  may  be  expected. 
The  performance  has  not  yet  been  adequately 
investigated  for  parallel  polarization  or  for  per¬ 
pendicular  polarization  with  the  electric  vector 
misaligned  with  respect  to  the  wires. 

The  characteristics  of  solid-wall  radomes 
loaded  with  wire  grids  are  described  in  Refer¬ 
ences  70  to  73.  Reference  73  shows  that  a  solid- 
wall  radome  with  a  wire  grid  at  the  center  can 


be  designed  to  have  good  broadband  character¬ 
istics  for  both  parallel  and  perpendicular  polari¬ 
zation  at  angles  of  incidence  up  to  the  Brewster 
angle.  Reference  73  discusses  the  fabrication  of 
such  radomes. 

2-6.6  INHOMOGENEOUS  RADOMES 

In  theory,  a  continuously  inhomogeneous  ra- 
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Figure  2-73.  Impedance-Matched  Thick-Skin 
Single  Sandwich 

dome  may  be  achieved  by  variable  loading  with 
tiny  metallic  or  dielectric  particles.  An  adequate 
approximation  can  be  obtained  by  constructing 
the  radome  of  a  large  number  of  thin  homoge¬ 
neous  laminations,  each  having  a  dielectric  con¬ 
stant  that  differs  slightly  from  that  of  the  next 
layer.  It  is  also  possible  to  employ  a  variable- 
density  foam  to  realize  the  desired  effect.  At  the 
present  time,  however,  it  appears  that  no  satis¬ 
factory  method  has  been  perfected  for  manu¬ 
facturing  an  inhomogepeous  radome  with  a 
specified  dielectric-constant  function  to  a  high 
degree  of  accuracy.  Nevertheless,  a  theoretical 


study  of  inhomogeneous  radomes  is  justified  by 
the  excellent  broadband  characteristics  that 
can  be  obtained  and  the  hope  that  a  suitable 
manufacturing  technique  will  eventually  be  de¬ 
veloped. 

Although  exact  analytic  solutions  have  been 
obtained  for  the  linearly  inhomogeneous  ra¬ 
dome  and  for  a  few  other  cases,  approximate 
or  numerical  solutions  must  be  used  to  calculate 
the  transmission  coefficient  of  an  inhomoge¬ 
neous  layer  having  an  arbitrary  dielectric-con¬ 
stant  variation  as  a  function  of  distance  through 
the  layer.  If  the  dielectric  constant  is  a  slowly 
varying  function,  accurate  results  are  provided 
by  the  WKB  solution  with  a  minimum  of  com¬ 
putation.  The  WKB  solution  for  the  transmis¬ 
sion  coefficient  of  an  inhomogeneous  layer,  for 
both  perpendicular  and  parallel  polarization,  is 
given  by  Reference  14  as  follows : 


where 


_ y/ll-r?)  (1  —  r^ _ 

r„rie“°)  cos  /3  -f  j  (e“  4-  r„rie_a)  sin  /J 

(2-3) 


«  =  (k„/2) 


Er  tan  8  dz 

V«r  —  sina  6 


P  =  k„  f  V*T-  slrfTO 
Jo 

r„  4  ri  =  interface  reflection  coefficients  at  the 
two  surfaces  of  the  inhomogeneous 
layer  (the  surface  and  the  incidence 
surface) . 
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Figure  2-74.  Transmission  Curve*  for 
Impedance-Matched  Thick-Skin 
Sandwich  Radome  with  60°  Anglo  of  Incidence 
and  Perpendicular  Polarization 


Figure  2-75.  Transmission  Curve s  for  Impedance- 
Matched  Thick-Skin  Sandwich  Radome  with  Wires 
Parallel  to  Clectrlc  Vector,  Perpendicular 
Polarisation 
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For  perpendicular  polarization: 


coa  0  —  VU  —  sin2"? 

coa  $  +  \/t,  —  sin5"? 

coa  9  —  v/i'i  — '  sin2  6 

r,  — - — - - - 

coa  9  +  v/d,  —  sin2"# 

For  parallel  polarization : 

e,  cos  0  —  —  sin2"# 

r,  — - - — — 

«„  coa  6  +  >/«.  —  alrP" 9 


(2-4) 


(2-6) 


(2-6) 


M  COB  9  Vdi  —  “in2? 

r,  _ - -  -  (2-7 ) 

€|  cob  0  —  \/ii  —  sin2# 

where  d  s=  thickness  of  the  layer 

z  ^  distance  into  the  inhomogeneous 
layer  from  one  surface 
complex  relative  dielectric  con¬ 
stant,  exit  Burface 

ii  complex  relative  dielectric  con- 
atant,  incidence  surface 
t,  —  complex  relative  dielectric  constant 
=  tr  —  jcr  tan  6 

ku  —  phaae  constant  of  free  Hpace 
—  wvfc>«o 

6  =  angle  of  incidence 


The  permeability  of  the  layer  ia  assumed  to  be 
the  same  as  that  of  free  space  and  the  dielectric 
constant  is  assumed  to  be  a  continuous  function 
of  z  only,  except  for  the  discontinuities  at  Doth 
surfaces. 

The  WKB  solution  just  described  may  become 
inaccurate  if  the  dielectric  constant  is  a  rapidly 
varying  function.  A  more  general  solui  ion,  valid 
even  for  rapidly  varying  dielectric  constants,  is 
provided  by  a  numerical  technique  known  as 
step-by-step  numerical  integration .  Reference 
75  employs  this  method  in  the  analysis  of  the 
lossless  and  low-loss  inhomogeneous  radome  for 
both  parallel  and  perpendicular  polarization. 

As  an  example,  step-by-step  numerical  inte¬ 
gration  has  been  used  to  calculate  the  transmis¬ 
sion  coefficient  vs.  angle  of  incidence  for  an  ex¬ 
ponentially  inhomogeneous  layer.  The  results 
are  shown  in  Fig.  2-76  and  Table  2-5,  along  with 
the  WKB  solution  and  the  exact  transmission 
coefficient  of  a  seven-layer  radome  that  approxi¬ 
mates  the  exponential  dielectric  constant  of  the 
inhomogeneous  layer.  It  may  be  observed  that 
the  three  solutions  have  close  agreement  for 
this  particular  example.  In  general,  it  is  believed 
that  the  step-by-step  numerical  integration  pro¬ 
vides  the  beBt  combination  of  accuracy  and  com- 


Flgure  2-76.  Tranimltslon  Coefficient  v«  Angle  of  Incidence  for  Homogeneous 
and  Inhomogeneous  Kadomes 
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putationul  economy  for  the  analysis  of  inhomo¬ 
geneous  layers.  Although  derived  independently 
and  from  different  approaches,  the  WKB  solu¬ 
tion  in  Reference  74  and  the  solution  in  Refer¬ 
ence  76  are  quite  similar, 

Reftjjtuice  77  shows  that  an  inhomogeneous 
broadband  radome,  which  eliminates  the  limi¬ 
tation  on  the  bandwidth  of  solid-wall  radomes 
and  sandwiches,  is  limited  by  interference 
among  the  interface  reflections  that  occur  at 
the  surface  of  the  various  layers.  Thus,  an  im¬ 
provement  in  bandwidth  may  be  achieved  by 
avoiding  discontinuous  transitions  from  one  me¬ 
dium  into  another.  The  use  of  such  inhomoge¬ 
neous  layers  for  microwave  radomes  has  bean 
investigated  theoretically  and  experimentally 
and  presented  in  Reference  65.  One  case  shows 
that  the  dielectric  constant  increases  linearly 
from  some  initial  value  et  at  the  front  face  to  a 
maximum  value  at  the  center  of  the  layer, 
and  then  decreases  again  linearly  to  «i  at  the 
rear  face.  For  normal  incidence,  the  calculation 
of  the  reflection  from  such  a  wall  of  total  thick¬ 
ness  2T  is  a  straightforward  boundary  value 
problem.  The  solution  for  the  electric  and  mag¬ 
netic  fields  in  the  linearly  inhomogeneous  layer 
is  readily  expressed  in  terms  of  the  Hankel 
functions  of  order  one-third. 

The  simplest  situation  arises  when  there  is  no 
initial  discontinuity  (i.e.,  ti  =  1).  The  reflection 
coefficient  is  plotted  for  this  case  as  a  function 
of  frequency  in  Fig.  2-77  by  assuming  cm  ^  2.5. 
For  comparison,  the  reflection  from  a  homoge¬ 
neous  luyer  with  a  dielectric  constant  of  2.5  is 
also  shown.  For  relatively  thin  inhomogeneous 
layers,  the  gradient  in  the  dielectric  constant  is 
large  and  substantial  reflection  arises.  With  in¬ 
creasing  ki.T,  maxima  and  minima  occur  alter¬ 
nately,  which  follow,  in  general,  the  pattern  ex- 
hibil  ,»d  by  the  homogeneous  wall,  except  that  the 
maxima  are  much  lower  for  the  inhomogeneous 
wall. 

To  obtain  more  suitable  surfaces  from  a  me¬ 
chanical  or  aerodynamical  point  of  view,  it  may 
be  necessary  to  have  discontinuities  in  the 
dielectric  constant  at  the  surfaces.  Therefore, 
Fig.  2-77  also  shows  the  results  for  a  linearly 
inhomogeneous  radome  with  e,  —  1,2.  The  re¬ 
flection  peaks  are  somewhat  increased  in  this 
case.  Improved  characteristics  can  be  obtained 
by  attaching  a  thin  homogeneous  dielectric  layer 
to  the  outside  surfuce  of  the  inhomogeneous  ra- 


TABLE  2-5  TRANSMISSION  COEFFICIENT  OF 
LOSSLESS  INHOMOGENEOUS  LAYER  WITH 
PERPENDICULAR  POLARIZATION* 
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dome.  If  a  fiberglass  skin  is  chosen,  with  a 
dielectric  constant  of  4,  u  suitable  skin  thick¬ 
ness  is  given  by  d„  --  0.011  T.  The  reflection 
curve  for  this  case  iB  Bhown  in  Fig.  2-78.  It  is 
apparent  that  the  thin  skin  smooths  out  the 
reflection  extrema  in  the  frequency  range  where 
k„T  is  between  1.6  and  4.0.  The  power  reflection 
coefficient  actually  remains  below  1 '/!  in  an  even 
wider  frequency  range.  At  very  high  frequen¬ 
cies,  of  course,  the  reflection  from  the  homoge¬ 
neous  skin  predominates  and  results  in  strong 
periodic  reflection  maxima. 

Reference  77  states  that  inhomogeneous  walls 
for  radomes  provide  extremely  broadbanded 
transmission.  It  goes  on  to  state  that  from  the 
earlier  investigations  by  Haddenhorst,  it  is 
known  that  the  reflection  is  also  less  critically 
dependent,  on  the  angle  of  incidence  than  for 
the  homogeneous  wall.  Particularly  for  very 
high  microwave  frequencies,  where  thin-wall 
radomes  become  impractical  due  to  lack  in  me¬ 
chanical  stability,  inhomogeneous  walls  appear 
useful. 

2-7  TUNABLE  RADOME  DESIGN 

In  theory,  the  tunable  radome  (References 
78  and  79)  offers  a  new  approach  to  the  problem 
of  maintaining  maximum  transmission  effi¬ 
ciency  or  minimum  boresight  error  over  a  range 
of  frequencies,  angles  of  incidence,  tempera¬ 
tures,  and  ablation-layer  thicknesses.  Reference 
80  suggests  the  addition  of  a  controlled-param- 
eter  layer  to  a  radome  to  compensate  for  the 
reduction  in  thickness  of  the  ablation  layer.  The 
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control  layer  may  contain  ferrite,  ferroelectric, 
or  photosensitive  materials  that  can  be  con¬ 
trolled  hv  varying  the  applied  vnltogei  current, 
or  illumination.  Formulas  are  given  for  deter¬ 
mining  the  dielectric  constant  of  the  control 
layer  as  a  function  of  the  ablation-layer  thick¬ 
ness  to  maintain  constant  transmission  effi¬ 
ciency  in  Reference  80. 

Although  a  tunable  radome  cannot  be  ex¬ 
pected  to  be  broadband  in  the  usual  sense,  it 
can  in  theory  provide  maximum  performance 
at  any  given  frequency  and  can  be  tuned  quickly 
to  a  new  frequency 

A  single-layer  radome  can  always  be  adjusted 
for  maximum  transmission  if  it  consists  of  a 
ferroelectric  material  whose  dielectric  constant 
is  variable  through  an  adequate  range.  For  any 
given  frequency  or  angle  of  incidence,  the  re¬ 


quired  dielectric  constant  is  the  same  for  paral¬ 
lel  and  perpendicular  polarization.  Figure  2-79 


constant  varies  as  a  function  of  frequency  and 
angle  of  incidence  for  a  single-layer  tunable  ra¬ 
dome.  The  curves  are  based  on  the  design  equa¬ 
tion  for  the  single-layer  half-wave  radome  from 
Reference  79: 

fr  =  TS'M^  +  aina0  (2*8) 


where  d  =  thickness 

«,  =  relative  dielectric  constant 
An  —  wavelength  in  free  space 
0  =  angle  of  incidence 


Another  form  of  the  tunable  radome  is  a  sym¬ 
metrical  three-layer  sandwich  with  a  ferro¬ 
electric  core,  Such  a  structure  can  always  be 


Figure  2 -77.  Magnitude  of  Reduction  from  Plane  Lottleu  Dielectric  Wallt  for 
Normal  Incidence  of  Plane  Wave  at  a  Function  of  Thicknett 
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COEFFICIENT 


figure  3-78.  Magnitude  of  Reflection  from  Symmetrically  Inhnniogeneous 

Dielectric  Wall 


flguro  2-79.  Conditions  for  Maximum  Transmission  Efficient,  for  Lossless  Solid- 
Wall  fladomei  with  Parallel  and  Perpendicular  Polarization 
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tuned  for  perfect  transmission  (neglecting  dis¬ 
sipation  loss)  if  the  core  dielectric  constant  is 
variable  over  an  adeauate  range.  In  some  Appli¬ 
cations,  tuning  is  hardly  worthwhile,  since  the 
transmission  coefficient  remains  very  high  with¬ 
out  tuning.  This  is  often  the  case  with  radomes 
that  are  operated  at  or  near  normal  incidence, 
although  it  may  occur  at  high  angles  of  inci¬ 
dence  if  the  dielectric  constant  is  very  small  or 
if  parallel  polarization  is  maintained.  The  great¬ 
est  need  for  tuning  occurs  for  the  following 
cases : 

a.  Broadband  radomes,  where  high  trans¬ 
mission  efficiency  is  required  over  a  large 
range  of  frequencies  but  only  one  fre¬ 
quency  is  used  at  a  time. 

b.  Half-wave  radomes  at  large  angles  of  in¬ 
cidence.  If  the  dielectric  constant  is  9  and 
the  angle  of  incidence  is  80°,  a  10% 
change  in  frequency  will  reduce  the  power 
transmission  coefficient  from  1.0  to  0.08 
unless  tho  radome  is  tunable  or  parallel 
polarization  is  maintained. 

c.  Sandwiches  at  large  angles  of  incidence. 
A  small  change  in  angle  of  incidence  may 
reduce  the  transmission  coefficient  dras¬ 
tically  unless  the  radome  is  tunable.  This 
is  particularly  true  when  the  skins  are 
rather  thick  to  provide  increased  strength, 

Techniques  for  applying  the  d-c  control  volt¬ 
age  to  a  tunable  radome  are  discussed  in  Refer¬ 
ence  78.  A  thin,  poorly-conducting  film  may  bo 
coated  on  the  surfaces  of  a  ferroelectric  layer  to 
permit  the  application  of  a  d-c  control  voltage. 
To  protect  the  film,  it  may  he  desirable  to  have 
dielectric  layers  or  skins  on  both  surfaces  of 
the  tunable  layer.  The  resulting  structure  is  a 
three-layer  tunable  sandwich.  The  Aims  must  be 
poorly  conducting  to  avoid  excessive  power  ab¬ 
sorption  from  the  radar  signal,  but  they  must 
have  sufficient  conductivity  to  achieve  a  rapid 
response  to  changes  in  the  applied  control  sig¬ 
nal.  A  suitable  compromise  between  these  con¬ 
flicting  requirements  is  possible,  unless  the 
radome  is  very  long,  a  very  fast  response  is 
required,  or  the  allowable  radar  power  absorp¬ 
tion  in  the  aims  is  very  small. 

If  the  skins  are  very  thin,  the  tuning  curves 
of  the  symmetrical  three-layer  sandwich  are 
similar  to  those  of  the  half-wave  tunable  ra¬ 
domes.  If  the  skins  are  electrically  thick,  how¬ 
ever,  tho  tuning  curves  become  more  dependent 


on  the  polarization.  Therefore,  thin  skins  are 
recommended  for  the  three-layer  tunable  sand- 

tin'nVi 

The  transmission  efficiency  of  a  low-loss, 
symmetrical  three-layer  sandw;ch  is  maximized 
if  the  following  equation  from  Reference  79  is 
satisfled : 

(2tt  dt,/X,))  v^T—  sin1^ nrr  -)-  tan  - 1 

_ r.(r.ea  -  1)  Bin  2<ft  _ 

r„. ( 1  +  r,J)  +  r,(l  +  r„,,*T cos  2<t>  {  ' 

where  d0  =  core  thickness 
d,  =  skin  thickness 
n  =:  any  integer 

r0  =  interface  reflection  coefficient,  wave 
in  the  skin  incident  on  the  core 
r,  =  interface  reflection  coefficient,  wave 
in  free  space  incident  on  the  skin 
tc  =  core  dielectric  constant,  relative 
£,  —  skin  dielectric  constant,  relative 
Ao  =  wavelength  in  free  space 
^  =  (2ird,/A„)  \4*  —  sin^jT 
n  =  8.1416 

This  equation  is  valid  for  both  parallel  and  per¬ 
pendicular  polarizations. 

Figure  2-80  shows  the  core  dielectric  constant 
vs.  angle  of  incidence  for  one  particular  sand¬ 
wich.  As  the  angle  of  incidence  varies,  maxi¬ 
mum  transmission  efficiency  will  be  maintained 
if  the  core  dielectric  constant  is  tuned  in  ac¬ 
cordance  with  these  curves,  which  are  based 
on  the  equation.  Tuning  curves  are  given  in 
Reference  79  for  sandwiches  having  other  com¬ 
binations  of  skin  and  core  thicknesses  and  skin 
dielectric  constants. 

2-7.1  SUMMARY 

The  feasibility  of  the  tunable  w<  lome  is  ques¬ 
tionable  at  the  present  state  of  the  art.  Several 
problems  arise  when  photosensitive  materials 
are  considered.  The  ambient  illumination,  such 
as  that  from  the  sun,  must  be  minimized,  and  a 
material  must  be  found  whose  dielectric  con¬ 
stant  is  sensitive  to  the  illumination  while  its 
dissipation  loss  remains  low.  Ferrite  media 
have  problems  of  excessive  dissipation  loss  and 
temperature  sensitivity.  A  method  would  have 
to  be  devised  for  applying  a  controllable  d-c 
magnetic  field  to  the  radome  without  getting 
too  many  wires  or  magnets  in  front  of  the 
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antenna,  Ferroelectric  media  also  pose  the  prob¬ 
lem  of  temperature  sensitivity.  Some  of  these 
media  have  a  very  lush  dielectric  constant,  in¬ 
troducing  severe  tolerances  in  thickness  uni¬ 
formity. 

A  tunable  radome  might  be  achieved  by  load¬ 
ing  an  ordinary  radome  with  hundreds  of  tiny 
varactors  or  voltage-variable  capacitors.  How¬ 
ever,  the  fabrication  and  materials  costs  would 
be  quite  large,  There  is  some  possibility  that  a 
useful  tuning  range  can  be  realized  with  an 
ordinary  radome  material  loaded  with  pow¬ 
dered  ferroelectric  material  to  obtain  a  practical 
effective  dielectric  constant.  The  advantages  of¬ 
fered  by  the  tunable  radome  warrant  an  inves¬ 
tigation  of  this  possibility  and  others,  but  it 
appears  that,  in  most  cases,  the  tunable  radome 
will  require  thermal  insulation  or  cooling. 

2-8  MILLIMETER-WAVELENGTH  RADOME 
DESIGN 

Mechanical  strength  specifications  seldom 
allow  the  radome  thickness  to  be  less  than  one 
millimeter.  Thus,  at  millimeter  wavelengths,  the 
radorne  thickness  is  on  the  order  of  one  free- 
space  wavelength,  or,  in  some  cases,  several 
free-space  wavelengths.  If  a  single-layer  homo¬ 
geneous  radome  is  employed,  a  first-order  half¬ 
wave  wall  will  provide  sufficient  strength,  in 
some  cases,  if  the  wavelength  is  10  mm  or  1  cm. 


However,  at  a  wavelength  of  1  mm,  structural 
specifications  usually  require  a  fourth-order,  or 
nigner,  half-wave  wall.  It  is  well  known  that  the 
bandwidth  will  decrease  and  the  boresight  er¬ 
ror  and  transmission  loss  will  increase  con¬ 
siderably  in  comparison  with  a  first-order  half¬ 
wave  wall.  Furthermore,  the  allowable  manufac¬ 
turing  tolerances  in  thickness  and  dielectric 
constant  will  decrease  correspondingly.  Thus, 
there  are  serious  problems  opposing  the  use 
of  a  thin-wall  or  a  multiple  half-wave  wall  at 
millimeter  wavelengths.  Few,  if  any,  solutions  to 
these  problems  are  known  at  the  present  time. 

Millimeter-wavelength  radome  design  con¬ 
siderations  are  basically  the  same  as  those  for 
the  lower  frequency  bands  with  the  added  re¬ 
striction  that,  the  radome  wall  must  be  elec¬ 
trically  thick.  This,  of  course,  rules  out  the  use 
of  the  thin-wal!  design,  and  it  often  rules  out 
even  the  half-wave  wull,  The  requirement  for 
an  electrically  thick  radome  implies  that  the 
dissipation  losses  will  be  large  unless  particular 
attention  is  given  to  the  choice  of  low-loss  ma¬ 
terials.  If  a  homogeneous  single-layer  wall  is 
employed,  the  requirement  for  an  electrically 
thick  radome  is  a  distinct  disadvantage,  as  was 
pointed  out  before,  If,  however,  a  multilayer 
wall  or  a  continuously  inhomogeneous  structure 
is  employed,  the  large  electrical  thickness  may 
prove  to  be  advantageous  in  the  synthesis  of  a 
broadband  millimeter-wavelength  radome. 


0  (DEGREES) 

PERPENDICULAR  POLARIZATION  PARALLEL  POLARIZATION 


Figur*  2-80.  Condition $  for  Maximum  Trommlulon  Efficiency  for  fotilen, 
Symmotrlcal  Throo-Loyor  Sandwich  with  e,  =  4  and  d,  —  0.0SK, 


135 


All  of  the  techniaues  propose  for  high  per¬ 
formance  radomes  at  the  lower  frequencies 
should  also  be  considered  to  alleviate  the  milli¬ 
meter-wavelength  radome  design  problem. 
These  techniques  include:  broadband  multi¬ 
layers,  computer  optimization,  inhomogeneous 
layers,  metal-loaded  structures,  surface  imped¬ 
ance  matching,  synthesis  techniques,  aniso¬ 
tropic  media,  materials  having  a  magnetic  per¬ 
meability  differing  from  that  of  free  space,  and 
artificial  dielectric  media. 

It  is  helpful  in  millimeter-wave  radome  de¬ 
sign  to  choose  a  blunt-nose  radome  shape  to 
avoid  large  angles  of  incidence,  Beat  results  are 
obtained  by  choosing  an  antenna  system  that 
maintains  parallel  polarization  for  all  scan 
angles.  The  use  of  polarization  diversity  and 
frequency  diversity  systems,  which  account  in 
large  part  for  the  high  transparency  of  window 
panes  and  camera  lenses  at  optical  frequencies, 
should  be  considered  for  millimeter-wavelength 
radar  systems. 


- HOOM  TEMP 

- MAX  TEM 


Figure  2-81 .  Broadband  Study  of  Average 
Trantmitrion  Data  of  Coramlc  Half-Wave 
Wall  at  K-Band 


Gome  of  one  broadband  multilayers  presented 
in  Reference  81  have  good  characteristics  at 
millimeter  wavelengths.  Reference  82  presents 
the  advantages  of  inhomogeneous  radome  con¬ 
structions  for  these  frequencies. 

Reference  88  presents  the  results  of  the  study 
of  the  properties  of  half-wave  ceramic  radomes 
at  K-band.  The  electrical  properties  used  in  this 
study  are  those  of  a  99.5%  alumina-ceramic 
material.  As  the  temperature  varies  from  room 
temperature  to  2500 “F,  the  dielectric  constant 
varies  from  9.6  to  11.1,  whereas  the  loss  tangent 
varies  from  0.0001  to  0.0015.  Using  these  tem¬ 
perature  data,  calculations  were  made  of  the 
power  transmission  and  phuse  shift  for  a  wall 
thickness  of  0.098  in.  at  a  frequency  of  20  gc. 
An  IBM  7090  computer  was  employed  for  the 
calculations  and  the  results  are  presented  in 
Figs.  2-81  and  2-82.  The  solid  curves  are  for 
room  temperature,  while  the  broken-line  curves 
are  for  2500°F.  The  power  transmission  and 
phase  dnta  were  averaged  for  parallel  and  per¬ 
pendicular  polarization. 

At  K-band,  an  electrically  thin  wall  would 
have  a  thickness  of  about  0.012  in.  and  is  not 
structurally  feasible.  Figure  2-81  indicates  that 
by  optimizing  the  parameters,  a  half-wave  de¬ 
sign  would  be  obtained  that  would  give  good 
transmission  performance  for  an  average  tem¬ 
perature.  A  study  of  flight  regimes  for  a  vehicle 
will  determine  an  average  temperature  range 
for  which  a  radome  should  be  designed.  Tho  up¬ 
per  broken  curve  iB  the  minus  percent  data  from 
the  optimum  frequency  for  the  maximum  tem¬ 
perature,  As  the  average  temperature  becomes 
lower,  the  performance  Improves  from  that 
shown.  It  may  be  noted  that  a  half-wave  ceramic 
radome  can  provide  acceptable  transmission  effi¬ 
ciency  at  the  lower  temperatures  in  the  K-band. 
Phase  data  will  be  critical  if  a  boresight  radome 
is  being  considered.  The  phase  variation  ap¬ 
pears  excessive  for  the  half-wave  ceramic  ra¬ 
dome  at  K-band  (Fig.  2-82),  but  it  could  be 
reduced  by  modifications  such  as  tapered  thick¬ 
ness. 

The  effect  of  broadbanding  the  radome  was 
studied  by  considering  frequency  tolerances  of 
±2,  ±5,  ±7.6  and  ±10%.  A  half-wave  wall  is 
quite  sensitive  to  frequency  changes  and  con¬ 
siderable  variations  occur  in  the  performance 
as  the  frequency  and  temperature  limits  are 
changed.  The  curves  Indicate  that  a  frequency 
deviation  of  2.5%  results  in  a  radome  with  a 
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transmission  efficiency  between  70  and  80%. 
As  a  result,  broadbanding  of  a  solid-wall  radome 
at  K-band  results  in  a  rather  low  average  trans¬ 
mission  efficiency,  The  phase  data  indicates  that 
the  lauume  would  introduce  rattier  large  bore- 
sight  errors,  since  a  35°  phase  change  is  evi¬ 
dent.  This  could  be  improved  by  tapering  the 
wall  thickness. 

Reference  83  states  that  it  may  be  concluded 
<8  that  the  half-wave  ceramic  radome  is  feasible 
at  K-band  only  if  the  temperature  variation 
and  the  bandwidth  requirements  are  drastically 
reduced. 

2-9  FLUSH-MOUNTED  RADIATING  SYSTEMS 
DESIGN 

2-9.1  INTRODUCTION 

As  aircraft  and  missile  velocities  continu¬ 
ously  increase,  limitations  are  encountered  in 
the  high-temperature  capabilities  of  nose  ra- 
domes.  While  considerable  progress  has  been 
made  in  developing  radome  materials  that  have 
the  required  mechanical  strength  and  electrical 
properties  at  high  temperatures,  no  completely 
satisfactory  material  is  available  for  the  tem¬ 
perature  ranges  encountered. 

Thus,  consideration  has  been  given  to  the  use 
of  flush-mounted  radiating  systems  in  place 
of  conventional  dish-radome  configurations 
(Reference  84).  This  approach  does  not  elim¬ 
inate  the  high-temperature  dielectric  material 
problem,  but  it  allows  the  large  conventional 
radome  to  be  replaced  with  many  small  dielec¬ 
tric  plugs  or  inserts,  which  fill  the  radiating 
slots  or  apertures  of  the  flush-mounted  system. 
This  is  also  accomplished  by  some  of  the  metal- 
loaded  radome  structures.  The  flush-mounted 
radiating  system  cannot  be  regarded  as  a  solu¬ 
tion  to  the  high-temperature  radome  problem, 
but  only  as  an  alternative  approach  that  is  ac¬ 
companied  by  its  own  set  of  problems. 

Some  of  the  flush-mounted  sy>.  ms  offer  the 
advantage  of  high-speed  electronic  scanning  and 
release  of  much  of  the  interior  space  for  other 
equipment.  It  must  be  recognized,  however,  that 
many  of  the  proposed  flush-mounted  systems 
occupy  the  entire  nose-cone  volume.  Serious 
problems  must,  be  overcome  before  these  ad¬ 
vantages  can  be  realized.  Among  them  are  the 
following : 


a.  In  the  flush-mounted  systems,  a  consid¬ 
erable  portion  of  the  nose-cone  structure 
is  metallic.  A  suitable  high-temperature 
metal  may  be  as  difficult  to  find  as  a  high- 
temperature  dielectric  material,  depend¬ 
ing  on  the  maximum  temperature  encoun¬ 
tered  and  the  length  of  time  that  it  must 
be  endured. 

b.  Flush-mounted  systems  involve  many 
dielectric-to-metal  joints  or  seals.  The  dif¬ 
ferent  expansion  coefficients  of  the  metal 
a*d  the  dielectric,  and  the  weakness  for 
rain  erosion  at  the  joints,  make  this  a 
problem. 

c.  Two-dimensional  scanning  presents  a 
major  problem  in  flush-mounted  systems. 
To  prevent  beam  deterioration  and  high 
sidelobes,  the  phases  and  amplitudes  in 

•  the  apertures  must  be  controlled.  This 


ANGLE  OF  INCIDENCE  (DEGREES) 
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Figure  2-82.  Broadband  Study  of  Phase  Duta  of 
Coramlc  Half-Wav  Wall  atK-Band 
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RAGE  PHASE 


Figure  2-83.  TE  and  TM  Slotted  Waveguides  Used 
as  Radiating  Elements  in  Arrays 

may  require  a  large  number  of  variable 
pnaae  shifters  and  complex  programming 
equipment.  If  ferrites  or  ferroelectrics  are 
employed  in  electronie-controlled  phase 
shifters,  the  temperature-  sensitivity  of 
these  materials  poses  a  problem.  If  scan¬ 
ning  is  accomplished  by  frequency  varia¬ 
tions,  this  introduces  the  complication  of 
a  r  equency-swept  transmitter  and  re- 
ce. .  r. 

d.  At  first,  it  might  appear  that  the  radome 
boresight-error  problem  is  eliminated  in 
flush-mounted  systems.  Actually,  this 
problem  is  merely  replaced  by  an  equally 
severe  problem:  beam-direction  sensing. 
With  electronic  scan  techniques,  beam-di¬ 
rection  sensing  involves  the  accurate 
measurement  of  the  transmitter  fre¬ 


BEAM  MAXIMUM 


(A)  8  PLANE  ARRAY  OF  TE  SLOTS 
WITH  L/3  OVERLAP 


quency,  if  frequency  scan  is  employed, 
or  the  control  current  or  voltage  applied 
to  the  electronic  phase  shifters.  Alterna¬ 
tively,  accurate  in-flight  measurements  of 
the  phase  or  the  phase  velocity  in  the 
radiating  apertures  ere  attempted.  The 
measured  frequency,  control  current  or 
voltage,  or  phase  is  then  compared  with 
the  system  calibration  to  determine  the 
beam  direction.  Any  error  in  the  measure¬ 
ment  or  in  the  calibration  is  fully  equiv¬ 
alent  to  the  boresight  error  of  a  conven¬ 
tional  radome. 

fe.c-The  problem  of  excessive  weight  is  seri¬ 
ous  in  some  of  the  proposed  flush-mounted 
radiators.  In  particular,  some  of- the  feed 
systems  require  a  great  deul  of  waveguide 
and  others  involve  a  weighty  collection  of 
parallel-plate  transmission  lines. 

Reference  86  presents  the  relative  merits  of 
the  flush-mounted  radiators  and  the  conven¬ 
tional  dish-radome  systems.  In  spite  of  these 
problems,  consideration  must  be  given  to  the 
flush-mounted  radiators  in  exploring  all  possi¬ 
ble  solutions  to  the  high-temperature  seeker- 
system  development.  A  few  of  the  recently  pro¬ 
posed  flush-mounted  radiators  are  described  in 
the  following  paragraphs. 

2-9.2  SLOTTED  WAVEGUIDE  ARRAYS 

Reference  86  investigates  the  performance  of 
plane  arrays  of  slotted  waveguides.  Figure  2-88 


BEAM  MAXIMUM 


(B) PLANE  ARRAY  OF  TM 
SLOTS  WITH  L/2  OVERLAP 


Figure  2 -84.  TE  and  TM  Slot  Arrays  In  Monopulse  System 
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(A)  4>  PLANE  ARRAY  OF  TE  SLOTS 


figure  2-85.  TE  and  TM  Slot  Array i  In  Monapulsa  System 


shows  the  radiating  elements  employed  to  form 
the  TE  and  TM  arrays.  Four  monopulse  an¬ 
tennas  were  constructed  and  tested,  using  these 
TE  and  TM  slotted  waveguides  as  elements.  The 
details  of  the  arrangement  and  the  dimensions 
are  shown  in  Figs.  2-84  and  2-85. 

These  four  antennas  were  tested  over  a  fre¬ 
quency  range  of  33  to  36.6  gc.  Typical  patterns 
are  shown  in  Figs.  2-86  through  2-89.  These 
patterns  demonstrate  that  acceptable  monopulse 
paterns  can  be  obtained  with  plane  arrays  of 
TE  and  TM  slot  antennas.  Because  of  the  small 
amplitude  taper,  one  db  per  wavelength,  on  the 
individual  slots,  the  sidelobe  levels  for  the  theta 
plane  arrays  are  quite  high.  With  a  bettor  choice 
of  taper,  these  sidelobe  levels  can  be  reduced. 

Over  the  frequency  range  of  the  teats,  33  to 
36.5  gc,  the  beam  maximum  in  the  theta  plane 
scanned  through  the  range  of  20“  to  27°  for 
TE  arrays,  and  41°  to  47°  for  TM  arrays.  This 
range  of  scan  angles  is  rather  limited,  since  the 
air-filled  slots  are  not  highly  dispersive.  In  any 
final  design,  the  line-source  elements  would 
probably  be  made  more  dispersive  by  dielectric 
loading  or  other  means.  Additional  information 
on  TE  and  TM  slot  arrays  on  plane  and  curved 
surfaces  is  given  in  Reference  87. 

A  flush-mounted  nose-cone  radiating  system 
has  been  constructed  and  tested  by  the  Maxson 
Electronics  Corporation  (Reference  88).  This 
antenna  utilizes  64  radial  nonresonant  slot 
arrays,  each  39  in.  long.  Theta  scan  i3  12°  to 


62°  for  a  frequency  change  of  9.1  to  8.55  gc, 
Base  feed  is  used  through  an  organ-pipe  scan¬ 
ner  for  phi  scan.  Tapered  illumination  produces 
18-db  sidelobes.  A  constant  phase  compensa¬ 
tion  for  each  linear  ""ray  was  calculated  to 
achieve  this  sidelobe  Lcel. 

An  investigation  of  slot  arrays  on  nose  cones 
has  been  carried  out  by  the  Hughes  Aircraft 
Company  and  the  University  of  Michigan 
(Reference  89).  They  found  that  an  obvious 
method  for  arranging  a  distribution  of  radiat¬ 
ing  currents  on  a  conical  surface  is  the  use  of 
linear  arrays  lying  along  cone  generators.  If  this 
system  of  urrays  can  be  properly  fed,  the  phase 
and  amplitude  of  each  slot  will  be  just  that  re¬ 
quired  to  achieve  a  directive  beam  at  a  partic¬ 
ular  direction  in  space.  The  phase  distribution 
on  a  conical  surface  necessary  to  place  a  cir¬ 
cularly  polarized  beam  in  a  direction  is 

given  by: 

Phase  •— 

—  k„h  [cos  a  cos  O'  —  sin  a  sin  O'  cos  (0„  —  0')] 
-f-  k,ir„  [cos  a  cos  O'  —  sin  a  sin  6'  cos  (</>„  —  0')] 

(2-10) 

where  h  —  slant  cone  height 

k„  —  phase  constant  of  free  space 
r«  =  radial  position  on  cone  measured 
from  the  base 
a  =  full  cone  angle 
0„  =  azimuthal  position  on  the  cone 
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Figure  2-46.  Sum  end  Difference  Pattern*  of  Monopu/iu  Antenna  Uting  Plane 
Array  of  TE  Slot*  with  I  /3  Overlap 


Thia  expression  is  based  on  a  geometrical  optics 
derivation  and,  accordingly,  could  not  be  ex¬ 
pected  to  hold  when  scanning  into  the  shadow 
region,  O'  >  a. 

The  final  term  in  Eq.  2-10  is  linear  function 
of  slant  distance,  r„,  and,  therefore,  could  be 
readily  achieved  by  changing  the  phase  progres¬ 
sion  between  array  elements.  The  remaining 
phase  terms  are  independent  of  slant  distance 
and  could  be  inserted  in  the  feeding  network.. 
Both  the  feeding  phase  and  the  linear  phase  are 
complicated  functions  of  the  scan  angle  and, 
thus,  must  be  capable  of  continuous  variation 
as  the  beam  position  is  changed. 

This  equation  suggests  the  possibility  of  a 
system  of  linear  arrays  driven  by  feed  lines 
emanating  from  a  small  radial  waveguide.  If 
the  circular  waveguide  is  excited  with  the  ro¬ 
tating  TEU  mode,  the  first  term  in  Eq.  2-10  is 


obtained.  The  second  term  is  achieved  by  me¬ 
chanical  or  ferrite  phase  shifters  in  the  branch 
lines,  whereas  the  final  term  is  a  function  of  the 
propagation  constant  in  the  linear  arrays. 

In  the  experimental  system,  the  radiating 
elements  are  eight  traveling-wave  waveguide 
arrays  of  nonresonant  slots.  These  arrays  are 
equally  distributed  about  the  cone  circumfer¬ 
ence.  The  necessary  control  of  the  array  propa¬ 
gation  constant  is  obtained  by  moving  a  dielec¬ 
tric  slab  in  and  out  of  the  waveguide  through  a 
narrow  nonradiating  longitudinal  slot  cut  in  the 
back  wall.  The  insertion  depth  of  the  dielectric 
is  controlled  by  a  cam-follower  mechanism  cali¬ 
brated  so  that  the  desired  phase  velocity  can  be 
preset.  Figure  2-90  shows  the  experimental  an¬ 
tenna  mounted  in  pattern-taking  position.  The 
eight  linear  arrays  can  be  Been  emanating  from  " 
the  cone  tip.  An  interior  view,  given  in  Fig. 


140 


/ 

■\ 

\ 

\ 

O  ei  <UE  ADDAV 

f  ■  33.97  gc 

- 2  PATTERN 

—A  PATTERN 

/ 

/ 

_ 

\ 

\ 

\ 

\ 

A _ 

E 

U 

N 

1 

HI 

A 

1 

M 

111 

m 

M| 

HI 

VI 

H 

« 

K 

■ 

fii 

m 

fin 

11 

1 

■ 

1 

m 

i 

m 

■1 

f 

it: 

H 

figure  2-07.  Sym  and  Difference  Paltarm  of  Monopufra  Antenna  Using  Plana 
Array  of  TM  Slot*  with  1/2  Ovorlop 


2-91,  shows  the  feed  network  and  various  phase 
adjustments.  The  best  experimental  patterns  for 
this  system  are  obtained  when  the  phase  set¬ 
tings  are  made  by  empirical  methods.  This  is 
accomplished  by  progressively  adjusting  the 
two  phase  mechaniBmB  (feed  phase  shifters  and 
array  propagation  constants)  for  each  array  to 
give  maximum  radiation  in  the  desired  scan 
direction. 

A  set  of  four  antenna  patterns  for  beam 
positions  of  0°,  10°,  20°,  and  25°  is  shown  in 
Fig.  2-92.  For  the  on-axis  beam  position,  the 
pattern  is  circularly  polarized,  with  a  slight 
ellipticity  becoming  apparent  as  the  beam  is 
scanned.  The  true  pencil-beam  character  of  the 
radiation  is  verified  by  Fig.  2-98,  which  shows 
a  pattern  taken  in  a  plane  orthogonal  to  the 
plane  of  scan.  The  rather  high  sidelobes  indi¬ 
cated  by  these  patterns  have  two  causes:  (1) 
the  individual  arrays  were  designed  for  uni¬ 


form  distribution;  and  (2)  the  aperture  is  par¬ 
tially  blocked,  since  the  arrays  do  not  extend  to 
the  cone  tip.  Both  cduld  be  overcome  by  careful 
design. 

The  scanning  range  of  this  antenna  is  re¬ 
stricted  to  that  shown  in  the  patterns  for  two 
reasons.  First,  the  scanning  sensitivity  of  the 
individual  arrays  is  limited  to  a  range  of  40° 
from  endfire  to  the  array.  Of  even  greater  im¬ 
portance  is  the  shadowing  due  to  the  cone  sur¬ 
face  as  the  beam  moves  out  of  the  optical  re¬ 
gion.  (For  this  cone,  the  limit  of  the  optical 
region  corresponds  to  a  scan  angle  of  20°.)  The 
maximum  scan  of  25°  exhibited  here  results  in 
an  antenna  capable  of  scanning  a  pencil  beam 
throughout  a  60°  conical  volume  centered  about 
the  forward  cone  axis.  An  increased  scanning 
range  might  be  achieved  by  employing  snaked 
linear  arrays  with  frequency  shift  or  variable 
path  lengths  as  tl  e  scanning  mechanism. 
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2-9.3  OTHER  FLUSH-MOUNTED  RADIATING 
tyniu; 

Another  conical  antenna  is  based  on  a  system 
of  circular  parallel-plate  regions  stacked  co¬ 
axially  along  the  cone  axis,  with  radii  that  de¬ 
crease  as  the  cone  tip  is  approached,  If  these 
parallel-plate  regions  are  fed  at  their  centers, 
energy  will  travel  outward,  resulting  in  excita¬ 
tion  of  a  current  distribution  on  the  cone  sur¬ 
face,  With  proper  control  of  the  plate  excita¬ 
tion,  the  conical  current  distribution  can  give  a 
linearly  polarized  pencil  beam  in  an  arbitrary 


direction.  In  any  flnoi  design,  the  outer  surface 
would  be  covered  with  a  metallic  envelope  con¬ 
taining  annular  rows  of  sausage  link  slots  that 
correspond  to  the  positions  of  the  parallel  plate 
apertures. 

An  artist’s  conception  of  a  complete  multiple- 
disk  cone  is  shown  in  Fig.  2-94.  Elevation  (6) 
scanning  and  pattern  formation  are  obtained  by 
a  highly  dispersive  linear  array  positioned  along 
the  cone  axis.  This  array  is  formed  by  cutting 
slots  in  the  narrow  wall  of  rectangular  wave¬ 
guide  wound  in  the  form  of  a  heiix.  The  long 
path  length  between  slots,  by  virtue  of  the  heli- 


Flgur e 2-RE,  Sum  and  Difference  Patterns  of  Monopuln  Anlanna  lltlng  Plana 

Array  of  16  TM  Slot $ 


M2 


/ 

_ L 

\ 

_ A  ^ _ 

6  PLANE  ARRAY 
f »  35.88  qc 

- 1  PATTERN 

- A  PATTERN 

m 

I 

■ 

— 10° — * 

! 

Sdb 

1 

1 

m 

i 

H 

a 

I 

H 

T 

_ 

M 

m 

H 

1 

1 

1 

1 

a 

|| 

in 

■ 

1 

a 

I 

■ 

rii 

i 

a 

1 

m 

H 

a 

Figure  2-89.  Sum  and  Dlfferen ee  Pattern s  of  Monopulse  Antenna  Using  Plane 

Array  of  J  6  TB  Slots 


cal  windings,  allows  large  changes  in  the  array 
phase  progression,  and  hence  in  the  beam  posi¬ 
tion,  for  small  changes  in  frequency.  Each  in¬ 
dividual  slot  feeds  a  sectoral  horn,  which,  in 
turn,  directs  the  energy  into  the  parallel-plate 
region.  These  horns  serve  the  additional  pur¬ 
pose  of  narrowing  tha  beam  in  the  azimuthal 
direction.  The  entire  central  feeding  system 
is  rotated  to  achieve  azimuthal  scanning.  The 
actual  experimental  system  closely  follows  this 
model.  Figure  2-95  shows  the  prototype  an¬ 
tenna.  Close  examination  reveals  the  slotted 
array  and  feed  horns  located  along  the  cone 
axis.  In  this  prototype,  the  slotted  outer  en¬ 
velope  is  absent  and  no  means  are  provided  for 
mechanical  rotation  of  the  feed  system.  These 
features  are  not  essential  to  the  basic  operrtion 
of  the  prototype,  but  would  be  included  in  any 
terminal  design.  The  results  obtained  with  this 


multiple-disk  cone  antenna  are  presented  in 
Reference  89. 

Another  scheme  for  exciting  the  cone  surface 
with  currents  involves  consideration  of  a  paral¬ 
lel-plate  transmission  line  whose  plates  are  ori¬ 
ented  parallel  to  the  cone  axis  and  fed  at  the 
base  of  the  cone  by  a  line  source.  The  leading 
edges  of  these  plates  assume  a  hyperbolic  shape 
when  terminating  at  the  cone  surface.  When 
several  of  these  parallel-plate  lines  are  sand¬ 
wiched  one  atop  the  other,  a  conical  system  of 
hyperbolic  apertures  is  formed  that  can  be  fed 
by  a  two-dimensional  array  of  line  sources  at 
the  cone  base.  Figure  2-96  shows  an  experi¬ 
mental  antenna  in  which  the  leading  edges  of 
the  parallel  plates  form  half  a  cone  surface.  This 
configuration  is  fed  at  its  base  by  a  rectangular 
plane  array  designed  to  provide  scanning  of  the 
radiated  beam  in  planes  essentially  perpendicu- 
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lar  to  the  plates.  Another  version  of  this  same 
antenna  scheme  provided  for  scan  in  planes 
essentially  parallel  to  the  plates.  Additional  in¬ 
formation  on  this  hyperbolic  aperture  antenna 
is  available  in  Reference  89. 

An  effort  was  made  to  devise  comnact  feeding 
systems  for  radiators  on  the  cone  surface  that 
would  minimize  the  volume  and  weight  occupying 
the  nose  cone  interior,  thereby  preserving  this 
space  for  auxiliary  system  components.  One  re¬ 
sult  of  this  effort  is  the  scanning  conical  trans¬ 
mission  line  antenna  system  shown  in  Fig.  2-97. 
This  antenna  consists  of  an  apex-fed  conical 
transmission  line  in  which  the  outer  of  two  co¬ 
axial  cones  is  provided  with  a  system  of  inter¬ 
rupted  annular  slots  that  couple  the  interior 
fields  to  space.  The  division  of  these  slots  into 
two  basic  groups  provides  the  phase  condition 
needed  for  a  nominally  axial  beam. 

The  cross-section  in  Fig.  2r98  shows  a  small 
air  gap  centrally  located  in  the  dielectric  ma¬ 
terial  separating  the  two  coaxial  cones.  This  gap 
permits  the  inner  cone  to  be  pivoted  off  the  axis 
of  the  outer  cone,  thereby  causing  the  radiated 
beam  to  tilt  off  the  cone  axiH.  Experiments 
showed  that  a  5:1  scanning  scale  factor  existed 
with  the  experimental  model  in  which  the  beam 
scannod  5°  for  each  degree  of  tilt  of  the  inner 


Figaro  2-90.  Scanning  Syilom  of  llnoar  Array* 
on  Co  no 


cone  from  the  boresight.  axis.  The  results  ob¬ 
tained  with  this  scanning  conical  transmission 
line  antenna  are  included  in  Reference  89, 
Several  other  flush-mounted  antenna  systems 
have  been  developed  by  Technical  Research 
Group  and  are  described  in  Reference  90. 
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Figure  2-94.  Helical  Waveguide  Frequency 
Scan  Cone 
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Figure  2-9 5.  Multiple-Dhk  Cone  with  Helical 
Waveguide  Scanner 


Figure  2-96.  Rectangular  Array  Feeding  Hyperbolic 


2-9.4  GEODESIC  LENSES 

The  properties  of  a  class  of  geodesic  lens  an¬ 
tennas  that  have  potential  uses  in  flush-mounted 
nose  cones  are  described  in  Keterence  ai.  The 
promising  features  of  these  lens  systems  in¬ 
clude  multiple-beam  capability,  versatility  of 
flush  mounting  to  a  wide  «ariety  of  surfaces, 
large  bandwidth,  high  power  capacity,  and  ease 
of  scanning.  Because  of  the  circular  symmetry 
of  these  lenses,  coverage  over  360°  about  the 
symmetry  axis  is  possible.  The  beam  position 
can  be  controlled  in  the  transverse  direction  by 
radial  feed  position,  giving  two-dimensional 
coverage  from  a  fixed  lens.  The  TEM  and  TE0i 
waveguide  modes  can  be  employed  to  obtain  two 
modes  of  orthogonal  polarization. 

Geodesic  lenses  are  usually  constructed  from 
two  parallel  contoured  plates  between  which 
energy  propagates  in  the  TEM  or  TE0i  wave¬ 
guide  mode,  as  shown  in  Fig.  2-99.  In  general, 
the  index  of  refraction  in  the  lens  may  be  an 
arbitrary  function  of  the  radius.  The  lens  con¬ 
tour  is  also  a  function  only  of  radius  and,  thus, 
circular  symmetry  is  maintained.  Depending 
on  the  index  of  refraction,  the  contour  of  the 
lens  determines  its  focusing  properties.  One  of 
the  most  promising  lenses  is  the  unit-index 
geodesic  Tens.  Since  a  unit-index  lens  contains 
no  dielectric  material,  dielectric  losses  are  elim¬ 
inated,  power  handling  capability  is  high,  and 


Figure  2-9 7.  End  View  of  Conical  Trantmlnlon 
Line  Antenna 


weight  is  reduced. 

The  type  of  lens  that  has  been  investigated 
radiates  from  a  circular  slot  aperture.  The  con¬ 
tour  of  the  lens  is  determined  so  that  energy 
launched  from  the  focai  point  wiii  have  the 
proper  phase  distribution  over  the  semicircular 
portion  of  the  aperture  opposite  the  focus.  The 
phase  distribution  is  that  which  radiates  a  beam 
in  a  direction  diametrically  oposite  to  the  focus 
and  at  an  angle  with't'espect  to  the  plane  of  the 
lens  rim.  The  angle  of  the  beam  iB  determined 
by  the  lens  design.  The  semicircular  aperture 
produces  a  fan-shaped  beam.  The  vertical  pat- 


Flgure  2-98.  Cron-Section  View  of  Trantmlnlon 
Line  Antenna 
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Figure  2-99.  Definition  of  Lent  Pattern * 


tern  ia  broader  than  the  pattern  in  the  plane  of 
lens  action  because  of  the  relative  annum 
lengths,  as  shown  in  Fig.  2-99. 

A  lens  design  has  been  determined  for  which 
the  beam  position  nan  be  controlled  over  a  coni¬ 
cal  region  of  70°  (total  cone  angle  of  140°) 
about  the  symmetry  axis  of  the  lens.  Beam  posi¬ 
tioning  has  been  demonstrated  in  X-band  lens 


9  -65- 


models,  and  patterns  obtained  from  one  model 
are  shev.r.  in  Fig.  2-100. 

Figure  2-101  Bhows  a  metallic  nose  cone  with 
a  geodesic  lens  antenna.  In  a  practical  version, 
the  feed  would  be  located  internally  and  two  or 
more  such  lenses  might  be  arrayed  in  the  nose 
cone. 


9*24° 


Figure  2-100.  Fatlernt  of  Boom  Elevation  Petitioning  tan*  Antenna 
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2-10  SPACE  FRAMES  FOR  RADOME 
STRUCTURAL  SUPPORT 

2-10.1  INTRODUCTION 

Space  frames  with  metal  ribs  or  dielectric 
ribs  have  been  used  for  several  years  in  large 
ground-based  radomes.  They  are  now  being 
considered  for  airborne  radomes  for  the  follow¬ 
ing  reasons: 

a.  A  space  frame  is  needed  to  help  support 
the  ./eight  of  a  large,  heavy  radome,  such 
as  a  chin  radome  for  a  bombing  and  navi¬ 
gation  radar  system. 

b.  A  space  frame  may  permit  a  radome  to  be 
manufactured  in  sections  that  will  be  held 
together  by  the  space  frame.  This  would 
be  particularly  helpful  with  large,  high- 
temperature  inorganic  radomes  that  are 


Figure  2-101.  Geodetic  tent  Mounted  In 
Note  Cone 


difficult  to  manufacture  in  one  piece. 

c.  The  use  of  a  space  frame  simplifies  the 
nrnhlprn  nf  sttp.chl”"  the  radc!SC  tc  the 
aircraft  or  missile  body. 

It  should  be  appreciated  that  the  space-frame 
approach  has  moat  of  the  same  objectives  (at¬ 
taching,  supporting,  and  subdividing  the  ra¬ 
dome)  as  the  metal-loaded  radome  techniques 
and  the  flush-mounted  radiating  systems.  The 
basic  distinction  between  the  metal-loaded  ra¬ 
dome  and  the  space-frame  system  is  that  the 
former  uses  at  least  one  metallic  member  (or 
one  radiating  aperture)  per  wavelength,  where¬ 
as  the  latter  may  have  the  ribs  spaced  several 
wavelengths  apart.  The  metai-loaded  radome  is 
fed  by  radiation  from  a  conventional  horn  or 
dish  antenna,  whereas  the  apertures  in  a  flush- 
mounted  system  are  fed  by  waveguides  or  trans¬ 
mission  lines.  Thus,  the  three  alternative  ap¬ 
proaches  differ  chiefly  in  the  spacing  between 
the  metal  ribs  or  the  radiating  apertures  and 
the  methods  of  feeding  the  apertures. 

The  performance  of  antennas  with  one  or 
more  radome  support  members  is  described  in 
the  following  paragraphs.  Techniques  for  manu¬ 
facturing  a  ceramic  radome  in  sections  and 
supporting  it  in  a  metal  apace  frame  are  de¬ 
scribed  in  Reference  92. 


2-10.2  AXIAL  SUPPORTING  MEMBER  FOR 

NOSE-CONE  RADOME  IRihnnci  93) 


Figure  2-102  illustrates  a  parabolic  dish  an¬ 
tenna  with  the  feed  located  at  the  radome  apex. 
A  metal  structural  member  extends  from  the 
attachment  bulkhead,  down  through  the  radome 
to  the  radome  apex,  and  beyond.  The  purpose 
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POSSIBLE  I NSTRUMENTATION  - 
OR  REFUELING  BOOM 
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Figure  2-102.  Antenna-Kadomo  System  Using 
Long  Focal  Longth  Dlth  and  Control  Structural 
Cylinder 


of  the  structural  member  is  to  carry  any  fuel, 
deicing,  or  instrumentation  lines  and  to  help 
support  the  radoine.  A  cross-section  view  of  this 
configuration  is  shown  in  Fig.  2-108.  A  small 
hole  is  provided  at  the  center  of  the  dish  for 
the  structural  member.  For  every  degree  that 
the  dish  is  rotated  off-axis,  the  beam  scans 
through  2".  Representative  field  patterns  given 
in  Figs.  2-104  through  2-106  indicate  that  satis¬ 
factory  electrical  performance  is  possible  with 
this  configuration. 

2-10.3  OUADRIPOD  SPACE  FRAMES 

The  quadripod  space  frame  uses  four  or  more 
structural  ribs  to  support  a  nose-cone  radome, 


LARGE  FOCAL  LENGTH  PARABOLIC  OR 
SPHERICAL  DISH  WITH  A  HOLE  IN  THE 
CENTER  TO  ALuOW  PASSAGE  OF  THE 
BOOM 


Figure  2-103.  Crost-SacMon  View  of  Dlth  Antenna, 
Note-Cone  Radome,  and  Central  Structural 
Cylinder 


Figure  2-104.  Far-Field  Pattern  o l  Dlth  with  Two-Horn  Feed  and  0°  Scon  Angle 


as  shown  in  Fig.  2-107.  The  waveguides  for  the 
antenna  can  be  fed  through  these  structural 
ribs,  as  shown  in  Fig.  2-108.  With  a  small  feed 
mounted  at  the  cone  vertex,  scanning  was  ac¬ 
complished  by  rotating  the  paraboloidal  re¬ 
flector  to  obtain  the  patterns  shown  in  Figs. 
2-109  and  2-110.  Reference  94  gives  informa¬ 
tion  on  the  performance  of  an  amplitude  mono¬ 
pulse  system  mounted  in  the  quadripod  space 
frame  and  the  effects  of  adding  circular  metal 
rings  to  further  strengthen  the  quadripod.  Ad¬ 
ditional  data  on  tripod  and  quadripod  space 
frames  are  given  in  References  95  and  96. 


2-10.4  ELECTRICAL  EFFECTS  OF  METAL  RIBS  IN 
LARGE  CHIN  RADOMES  (Reference  97) 

One  or  more  metal  ribs  may  prove  helpful  in 
supporting  a  large  chin  radome  on  an  aircraft. 
Reference  97  presents  the  study  of  the  pattern 
distortion  that  results  when  such  a  rib  is  placed 
in  front  of  a  shaped-beam  antenna  of  the  type 
often  used  in  bombing  and  navigation  radars. 
The  antenna  feed  and  reflector  are  shown  in 
Fig.  2-111,  Figure  2-112  shows  the  antenna 
with  a  structural  cylinder  for  radome  support. 
This  antenna  has  essentially  a  (sin  x)/x  field 


Figure  2-105.  Far-Field  Pattern  of  Dish  with  Two-Horn  Feed  and  10°  Scon  Angle 


pattern  vs.  azimuth  and  a  cosecant  field  pat¬ 
tern  vs.  elevation.  It  was  found  that  the  nar¬ 
row-beam  (sin  x)/x  pattern  suffered  very  little 
distortion  when  a  cylinder  was  placed  in  front 
of  the  antenna.  I’attern  measurements  were 
taken  with  the  cylinder  located  at  positions  1, 
2,  3,  and  4,  as  defined  in  Fig.  2-113.  Figure  2-114 
shows  this  pattern  without  a  cylinder  and  the 
pattern  with  a  cylinder  of  1-wavelength  diam¬ 
eter  located  at  position  1.  Although  the  cylinder 
raised  the  sidelobes  slightly,  this  effect  was  re¬ 
duced  when  the  cylinder  was  moved  to  another 
location  or  replaced  with  a  cylinder  of  smaller 
diameter. 

The  pattern  distortion  was  more  noticeable 
in  the  cosecant  pattern.  Typical  results  are 
shown  in  Figs.  2-116  through  2-118  with  a 


cylinder  of  0.6-wavelength  diameter  at  positions 

1  O  Q  AM  A  If  MAnlil  —  -  1  1  I  %  % 

-»  a  a  ftMjguuuu  jl  io  uvuiueu,  it  appears 

that  a  metal  rib  of  0.6-wavelength  diameter  or 
less  can  be  tolerated  unless  the  exact  pattern 
shape  is  critical. 

In  these  examples,  the  cylinder  axis  was 
parallel  with  the  generating  element  of  the  re- 
flector.  Therefore,  the  field  incident  on  the 
cylinder  when  the  antenna  transmits  had  es¬ 
sentially  a  uniform  phase  along  the  length  of 
the  cylinder.  The  scattering  pattern  of  the 
cylinder  was  then  a  (sin  x)/x  pattern  in  the 
plane  of  the  cylinder  und  nearly  a  circular  pat¬ 
tern  in  the  plane  orthogonal  to  the  cylinder  axis. 
On  the  other  hand,  it  was  found  that  a  cylinder 
produces  far  less  distortion  in  th^  antenna  pat¬ 
terns  in  both  planes  if  the  cylinder  axis  is  per- 


flgur,  2-106.  Far-Flold  Fattorn  of  Dl$h  with  Two-Horn  Food  and  15"  Scan  Anglo 
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pendicular  to  the  generating  element  of  the  re¬ 
flector.  There  are  two  reasons  for  this : 

a.  A  metal  cylinder  has  stronger  mattering 
effects  if  the  incident  electric  field  in¬ 
tensity  vector  is  parallel  with  the  cylinder 
axis. 

b.  If  the  cylinder  axis  is  perpendicular  to 


Figure  2-107.  Quadrlped  Space  Frame 


the  generating  element  of  the  reflector,  the 
phase  of  the  wave  incident  on  the  cylinder 
has  a  considerable  variation  along  the 
length  of  the  cylinder.  The  cylinder  scat¬ 
tering  pattern  is  then  less  directive. 


Figure  2-7  08.  Quadrlpod  and  Long  Focal  Length 
Fixed-Feed  Antenna 
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Figure  2-109.  H-Flane  Fa  Herne  of  Long  Focal  Length  Antenna  In  Space  Frame 
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Additional  information  on  metal  ribs  and 
simplified  techniques  for  predicting  their  effects 
are  given  in  Reference  97.  An  excellent  account 
of  an  extensive  theoretical  and  experimental  in¬ 
vestigation  of  space  frames  for  large  raUumes 
is  given  in  Reference  98. 

2-10.5  DIFFRACTION  BY  OBSTACLES  IN  THE 
NEAR  ZONE  OF  AN  ANTENNA 

Reference  99  shows  that  a  useful  reduction 


in  sidelobe  level  can  be  obtained  by  choosing  the 
nronftr  flrmrincr  hAtWPon  +  nnH  Hi  a 

radome.  It  also  shows  that  the  bor^sight  error 
introduced  by  a  metal  boom  can  be  compen¬ 
sated  for  by  correcting  the  radome  thickness 
in  two  opposite  quadrants.  Reference  100  gives 
a  summary  of  several  techniques  for  calculating 
the  pattern  of  an  antenna  in  the  presence  of  one 
one  or  more  conducting  obstacles.  As  examples, 
the  calculated  patterns  of  horn  antennas  with 
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one  or  two  metal  cylinders  in  the  near  zone  are 
given.  The  calculations  show  excellent  agree¬ 
ment  with  measured  result#  References  101  and 
102  present  a  computer  program  for  the  far- 
field  patterns  of  an  antenna  in  the  presence  of 
a  conducting  obslucle.  Computed  and  measured 
data  are  included  for  an  antenna  whose  aper¬ 
ture  is  partially  blocked  by  n  metal  sphere,  cir¬ 
cular  metal  disk,  or  rectangular  metal  plate  in 
the  near  zone.  These  results  are.  useful  in  pre¬ 
dicting  the  effects  of  installing  an  infrared  or 
millimeter-wavelength  radar  system  in  front 
of  the  main  radar  antenna. 


Figure  2- 11 1 .  Shaped-Beam  Antenna 


Figure  2-112,  Cylinder  Perpendicular  to  Generating 
Slement  of  Reflector 


Y 


Figure  2-11 3.  Cron  Section  of  Antenna  In  Trans- 
verse  Plane  Showing  Location  of  Cylinders  and 
Dimensions  of  Cylinder  Spacing 


ANGLE  OF  INCIDENCE  (DEGREES) 

Figure  2-114.  Comparison  of  Principal  Longitudinal 
Plane  Pattern  with  and  without  Cylinder 
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relative  POWER  (DB)  RELATIVE  POWER  (DB) 
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Figure  2-115.  Measured  Principal  Troruvene  Plana  Pattern  of  Antenna  with  and 
without  Cyllndort,  Petition  I 


Figure  2-1 16.  Measured  Principal  Trontvarte  Plane  Pattern  of  Antenna  with  and 
without  Cylinder t,  Poiition  2 
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Figure  2-1 17.  Measured  Principal  Transverse  Plane  Pattern  of  Antenna  with  and 
without  Cylinders,  Position  3 
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Figure  2-118.  Measured  Principal  Transverse  Plane  Pattern  jI  Antenna  with  and 
without  Cylinders,  Position  4 


2-10.6  PLANE-WAVE  SCATTERING  BY  METAL 
RIBS  OF  ARBITRARY  CROSS-SECTION 

The  plane-wave  scattering  patterns  of  con¬ 
ducting  cylinders  of  rectangular  cross-section 
are  given  in  Reference  104.  The  integral-equa¬ 
tion  technique  for  calculating  the  scattering 
patterns  of  conducting  cylinders  of  arbitrary 
cross-section  is  also  given. 

Reference  103  presents  the  calculations  for 
the  scattering  patterns  of  conducting  I-beams. 
The  I-beam  seems  attractive  for  space-frame 
construction  because  of  its  mechanical  strength 


and  because  the  edges  of  a  radome  section  will 
fit  securely  into  its  channels.  Figure  9. 1 19  sh  OHIO 
the  scattering  patterns  of  conducting  cylinders 
of  circular,  square,  and  I-beam  cross-section 
shapes  with  comparable  dimensions.  The  inci¬ 
dent  electronic  field  intensity  vector  is  assumed 
to  be  parallel  with  the  cylinder  axis  in  each  case. 
Reference  105  investigates  the  electrical  and 
mechanical  characteristics  of  ceramic  radomes 
supported  by  metal  I-beams.  Figure  2-120  illus¬ 
trates  the  cross-section  of  a  radome  wall  with 
I-beams.  In  the  theoretical  studies,  the  electro¬ 
magnetic  field  is  expanded  in  a  series  of  wave¬ 
guide  modes  with  unknown  coefficients,  includ¬ 


es 


I* 


/ 
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ing  the  higher-order  modes  that  are  beyond  cut¬ 
off.  The  unknown  coefficients  are  then  calculated 
by  matching  the  tangential  field  components  at 
a  discrete  set  <?f  points  along  the  surface  of  the 
dielectric  wall.  Figure  2-121  shows  measure¬ 
ments  of  insertion  phase  delay  as  a  function  of 
the  spacing  between  the  I-beams. 

2-10.7  DIFFRACTION  BY  METAL  AND  DIELECTRIC 
RINGS 

Reference  106  presents  the  analysis  of  the 
scattered  fields  of  thin  dielectric  rings.  The  re¬ 
sults  are  useful  in  the  design  of  dielectric  rings 
for  boresight-error  correction.  Reference  107 


Hh  i 


Figuro  2 -120.  Dielectric  Wall,  Fenestrated  by 
Miam  Members 


3  2  I  t  I  2  3 

MOTION  OF  I-BEAM  ARRAY 
IN  DIRECTION  OF  E-FIELD  (INCHES) 


Figure  2-121 .  Insertion  Pb os*  Delay:  Perpendicular  pol6rhalion  at  45°  Incidence; 
I-Beams  Perpendicular  lo  l -Field 
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presents  the  calculations  of  the  scattering  pat¬ 
terns  of  thin  dielectric  and  metal  rings  and 
coaxial  arrays  of  such  rings.  Figure  2-122  shows 


tile  ftCtVLCiliO  KJl  <4  UiA^llOUC  llllti  OVUIVt  I'll  HIV 

axis  of  a  thin  metal  ring.  The  phase  velocity 
of  the  line  source  is  adjusted  to  obtain  scan 
angles  of  40°,  60°,  and  80"  as  measured  from 
the  axis.  The  wire  has  a  radius  of  0.00796  wave¬ 
lengths  (i.e.,  k„b  =  0.06)  and  the  radius  of  the 
ring  is  2.4  wavelengths.  The  length  of  the  line 
source  is  4  wavelengths  and  the  plane  of  the 
wire  ring  passes  through  one  end  of  the  line 


source.  This  particular  wire  ring  is  undoubtedly 
too  thin  to  serve  as  a  structural  support,  but  the 
colculation  technique  is  also  applicable  to  metal 


cross-section  shape.  Figure  2-123  shows  the 
results  for  a  magnetic  dipole  at  the  center  of  a 
dielectric  ring.  The  calculations  were  carried 
out  by  means  of  an  integral-equation  technique. 
Although  the  field  within  the  dielectric  is  usu¬ 
ally  approximated  by  the  incident  field,  this  an- 
proximation  is  avoided  in  this  method  to  obtain 
more  accurate  results. 
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Figure  2-122.  1‘oHorn t  of  Magntlie  Lino  Source  on  Axil  of  Motal  Toroid 
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Figure  2-123.  Pattern i  of  Magnetic  Dipole  at  Center  of  Dielectric  Toroid 
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figure  2-A1 .  Interface  Reflection  Coefficient  for  Lossless  Dielectric  with 
Perpendicular  Polarization 
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APPENDIX 


2-A1  RADOME  nFCIfiW  rnoycc 

This  appendix  presents  some  of  the  sets  of 
curves  that  are  useful  in  radorne  design.  Since 
it  is  not  feasible  to  include  a  great  number  of 
curves,  an  attempt  has  been  made  to  select 
representative  data  for  solid-wall  radomes  and 
sandwiches. 


2-AU  THE  INTERFACE  REFLECTION 
COEFFICIENTS 

When  a  plane  wave  in  free  space  is  incident 
on  the  plane  surface  of  a  homogeneous  dielec¬ 
tric  medium  of  infinite  thickness,  the  reflection 
coefficients  are  given  by  (assuming  ft  =  /i0) : 


r  = 


v*r 


*r  —  »m-  o 


cos  9  -f  \fit  —  sin2  9 
—  E,/Bi  (perpendicular  polarization) 

(2-A1) 

and 


r  = 


er  cos  9  —  Vlr-  sTri7*# 


i,  cos  6  +  \Jtr  —  sina  0 
—  Hr/Hi  (parallel  polarization)  (2-A2) 

where  r  =  interface  reflection  coefficient 
9  =  angle  of  incidence  measured 
er  =  complex  relative  dielectric  con¬ 
stant,  which  is  given  by : 

er  =  e/«0  =  «r  ( 1  —  j  tan  S)  (2-  A3) 

The  loss  tangent  of  the  medium  is  represented 
by  tan  5.  Figures  2-A1  and  2-A2  (Reference  1) 
show  the  interface  reflection  coefficient  vs.  angle 
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Figur •  2-A2.  Interface  Reflection  Coefficient  for  Lossless  Dhbctric  with 
Parallel  Polarization 
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Figure  2-A3,  Magnitude  of  Interface  deflection  Coefficient  v«  Angle  of  Incidence 
for  Lottleei  and  Lossy  Dielectric  Materials 


of  incidence  for  lossless  media  having  relative 
dielectric  constants  up  to  12.  Figures  2-A3  and 
2-A4  illustrate  the  magnitude  and  phase  of  the 
interface  reflection  coefficients  vs.  angle  of  inci¬ 
dence  for  a  medium  with  a  relative  dielectric 
constant  of  4.0  and  loss  tangents  of  0,  0.01,  and 
0.1.  Figure  2- A3  shows  that  loss  tangents  in 
this  range  have  no  noticeable  effect  on  the  re¬ 
flection  magnitude  except  in  the  immediate 
vicinity  of  the  Brewster  angle.  While  the  reflec¬ 
tion  coefficients  of  a  lossless  medium  are  real, 
they  are  complex  if  the  loss  tangent  exceeds 


zero  (Fig,  2-A4).  Except  in  the  vicinity  of  the 
Brewster  angle,  however,  the  phase  angle  of  the 
reflection  coefficient  is  very  small  when  the  loss 
tangent  is  less  than  0.01.  These  results  suggest 
that  the  loss  tangent  may  be  neglected  when 
calculating  the  interface  reflection  coefficients 
of  low-loss  radome  media,  with  little  loss  of 
accuracy  in  the  transmission  coefficient  for  solid 
walls  or  sandwiches. 

Figure  2-A2  shows  that  the  interface  reflec¬ 
tion  coefficient  goes  to  zero  for  parallel  polariza¬ 
tion  at  an  angle  of  incidence  known  as  the 
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figure  2-A4,  Photo  Angle  of  Interface  Reflection  Coefficient  vi  Angle  of  Incidence 
for  Lostleu  and  Lotty  Dielectric  Material > 


Brewster  angle.  The  Brewster  angle,  0„,  is  given 
by: 

0t,  =  tan-1  \/ct  (2-A4) 

if  ^  =  p ii.  A  graph  of  the  Brewster  angle  vs. 
dielectric  constant  is  given  in  Fig,  2-A5. 

When  a  plane  wave  in  free  space  is  incident 
at  an  angle  0  on  the  surface  of  a  dielectric  layer, 
it  is  found  that  the  wave  in  the  dielectric  layer 
travels  at  a  new  angle,  known  as  the  angle  of 
refraction,  6,.  The  relation  between  the  two 
angles  of  propagation  is  expressed  by  Snell’s 


law.  If  fi,  =  and  the  media  are  lossless,  Snell’s 
law  is  given  by 


sin  0r  = 


sin  0 

V^r 


(2-A6) 


The  angle  of  refraction  vs.  the  angle  of  inci¬ 
dence  for  relative  dielectric  constants  from  1  to 
15  is  shown  in  Fig.  2-A6.  From  the  figure,  note 
that  the  axis  of  propagation  is  bent  toward  the 
normal  when  a  wave  travels  from  free  space 
into  a  dielectric  region. 
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2-A2  SOUD-WAU  RADOME  CURVES 


75 


Consider  a  plane,  homogeneous  dielectric  slab 
in  free  space.  Let  il  have  thickness  <i,  perme¬ 
ability  n  —  po,  complex  relative  dielectric  con¬ 
stant  cn  and  loss  tangent  tan  &  When  a  plane 
wave  is  incident  on  such  a  slab,  with  an  angle 
0,  the  transmission  coefficient  is  given  by 


T  = 

(1  —  r*)  exp  [j  (2ffd/Xp)  (cos  8  —  y'ef  —  sina  0)] 
1  —  r*  exp  [— 2j  (2jrd/Ao)  V*T— 

(2-A6 ) 


where  exp  [x]  =  e* 

Xo  =  wavelength  in  free  space 
r  =  interface  reflection  coefficient 
for  perpendicular  or  parallel 
polarization,  as  the  case  may 
be 


If  the  incident  wave  has  elliptical  polarization, 
or  if  it  has  linear  polarization  with  the  electric 
vector  neither  parallel  nor  perpendicular  with 
the  plane  of  incidence,  it  may  be  resolved  into 
components  having  parallel  and  perpendicular 
polarizations.  The  transmission  coefficient  for 
each  of  these  component  waves  is  given  by  Eq. 
2-A6. 

The  complex  relative  dielectric  constant  is 
given  by  «r  =  «r  ( 1  —  j  tan  8) .  For  low-loss  media, 
the  following  approximation  is  useful  in  calcu¬ 
lating  the  transmission  coefficient: 


Vcr  —  siq^0  3£  V*r  —  sin2  0  —  j 

Crtanfi  (2-A7) 

2V«r  —  sin^lf 

The  power  transmission  coefficient  of  a  loss¬ 
less  solid  wall  is  given  by : 

=  1  +  <2rsin*)-/(l-r^F  (2'A8) 
where  r  is  the  interface  reflection  coefficient  for 
perpendicular  or  parallel  polarization  and 

<ji  =  (2ird/X»)  \Je,  —  sin-  0  (2-A9) 

The  insertion  phase  delay  of  a  solid  wall  is 
equal  to  the  phase  angle  of  the  complex  trans¬ 
mission  coefficient  given  above,  but  of  opposite 
sign.  For  a  lossless  solid  wall,  the  insertion 
phase  delay  is  given  by : 

IPD  =  tan“'  [1  +  g  tan^J  —  27r(d/X„)  cos  0 
L  r  “  (2-A10) 
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Figure  2-A5.  Drowsier  Angle  vs  Relative  Dielectric 
Constant 


Perfect  transmission  is  obtained  through  a 
lossless  solid  wall  at  angle  of  incidence  0  if  the 
thickness  is  given  by : 


nXp 

Z\Jet  —  sin11 0 


(2-All) 


where  n  is  any  positive  integer.  Figure  2-A7 
shows  the  frequency-times-thickness  vs.  angle 
of  incidence  for  perfect  transmission  through 
solid  walls  having  dielectric  constants  up  to  12 
(Reference  1). 

Figures  2-A8  and  2-A9  show  the  contours  of 
constant  power  transmission  for  lossless  solid 
walls  with  a  dielectric  constant  of  3.6.  Move¬ 
ment  along  a  vertical  line  on  these  graphs  can 
be  used  to  determine  how  the  transmission  co¬ 
efficient  varies  with  frequency  for  a  fixed  angle 
of  incidence.  Movement  along  a  horizontal  line 
can  be  used  to  determine  how  the  transmission 
varies  with  angles  of  incidence  at  a  given  fre¬ 
quency.  Similar  graphs  can  be  constructed  for 
other  dielectric  constants.  Graphs  of  this  type 
are  particularly  useful  in  designing  a  solid-wall 
radome  that  must  operate  over  a  given  range 
of  frequencies  and  angles  of  incidence  with  a 
specified  minimum  transmission  efficiency. 

Contours  of  80 '/■  power  transmission  effi- 
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ANGLE  OF  INCIDENCE  (DEGREES) 


Figure  2-A6.  An  git  of  KmfratUon  v*  Angh  of  Incidence  (Snell' t  Law)  for  Loath 

Dielectric  Media 


cioncy  are  shown  in  Fig.  2-A10  for  lossless  solid 
walls  with  perpendicular  polarization.  Dielec¬ 
tric  constants  from  2  to  10  are  represented  in 
this  figure.  As  the  dielectric  constant  increases, 
the  decrease  in  bandwidth  and  incidence-angle 
range  is  clearly  evident. 

Figures  2-All  through  2-A16  are  curves  of 
the  power  transmission  coefficient  and  insertion 
phase  delay  vs.  thickness  in  free-space  wave¬ 
lengths  for  lossless  solid  walls  with  dielectric 
constants  of  2,  4,  and  6.  Data  are  given  for 
perpendicular  and  parallel  polarization  with  in¬ 
cidence  angles  of  0°,  20°,  40°,  60°,  and  80°. 
Figures  2-A17  through  2-A20  are  curves  of 
the  power  transmission  coefficient  and  insertion 
phase  delay  vs.  thickness  in  free-space  wave¬ 
lengths  for  lossless  solid  walls  with  a  dielectric 


constant  of  9.  Data  are  given  for  perpendicular 
polarization  for  incidence  angles  of  0°,  30°,  60°, 
60°,  70°,  and  80°. 

Figures  2-A21  through  2-A24  are  nomo¬ 
graphs  prepared  by  the  Naval  Air  Development 
Center  for  the  purpose  of  determining  the 
weight  of  a  tangent  ogive  nose  in  terms  of  base 
diameter,  L/D  ratio,  wall  thickness,  and  mate¬ 
rial  specific  weight. 

2-A3  RADOME  SANDWICH  CURVES 

Reference  2  presents  a  novel  method  for 
graphing  the  transmission  efficiency  of  sym¬ 
metrical  three-layer  sandwiches.  This  technique 
makes  it  possible  to  determine,  at  a  glance,  the 
performance  of  a  given  sandwich  over  a  range 
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of  frequencies  and  angles  of  incidence.  Exam¬ 
ples  are  shown  in  Figs.  2-A25  through  2-A28, 
which  are  based  on  data  from  the  NADC  tabies 
(Reference  3) ,  These  figures  present  families  of 
curves  of  constant  power-transmission  effi¬ 
ciency  folr  perpendicular  polarization  at  four 
angles  of  incidence,  for  an  "A”  sandwich  com¬ 
prising  two  skins  with  a  dielectric  constant  of 
4  and  loss  tangent  of  0.014,  and  a  core  with  a 
dielectric  constant  of  1.2  and  loss  tangent  of 
0.004.  Values  of  T'J  range  from  80%  to  95%  in 
5%  increments.  Skin  thickness  in  wavelengths 
(d./Xo)  and  core  thickness  in  wavelengths 
(d,./\,i)  are  represented  as  continuous  variables 
over  ranges  suitable  for  most  radome  applica¬ 
tions. 

Since  both  thickness  values  are  normalized 
to  the  free-space  wavelength  and  are  plotted  as 
coordinates  on  equal  logarithmic  scales,  the  ef¬ 
fect  of  an  increase  in  frequency  for  a  fixed  com¬ 
bination  of  thickness  values  in  in.  is  found  sim¬ 
ply  by  translating  a  point  along  a  diagonal  line 
in  the  +45°  direction.  In  this  way,  the  curves 


on  a  single  graph  yield  values  of  theoretical 
bandwidth  over  a  specified  range  of  incidence 
angles  with  a  specified  value  of  the  transmission 
efficiency  at  the  frequency  limits,  Portions  of 
curves  from  two  graphs  of  this  type  can  be 
used  to  obtain  theoretical  values  of  bandwidth 
for  various  combinations  of  limiting  values  of 
T-  (90%  at  the  upper  frequency  limit  and  80% 
at  the  lower  frequency  limit). 

Reference  4  develops  the  graphs  shown  in 
Figs.  2-A29  through  2-A31  for  "A”  sandwiches 
These  graphs  show  the  skin  and  core  thick¬ 
nesses  required  for  maximum  transmission  effi¬ 
ciency  at.  various  angles  of  incidence  for  per¬ 
pendicular  polarization. 

2-A4  FREQUENCY  BANDS  AND 
WAVELENGTH 

Figure  2-A32  is  a  graph  of  the  free-space 
wavelength  (cm  and  in.)  vs.  frequency.  This  is 
convenient  for  genera]  reference  to  determine 
either  wavelength  or  frequency  when  one  of 
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these  is  known.  Table  2-A1  shows  the  frequency 
limits  of  the  various  bands.  In  radar  and  ra- 
dome  work,  the  operating  frequency  range  is 
frequently  given  in  terms  of  the  band  designs- 

Hnn  fnr  av omnia  Si-honH  X-b?.nd,  or  K-b?.nd. 
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Figure  2 -At.  Contours  of  Constant  Fewer  Transmission  for  loiifets  Solid  Walls 
with  Forpondltular  Polarization 
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TABLE  2-A1  REFERENCE  TABLE  OF  BAND  CODE  LETTERS  VS  FREQUENCY* 


p  niwn 

a  ha wn 

C  BAND  Designs- 

K  BAND 

O  BAND 

nation  includes  Sz 

:  .  .  . 

thru  Xy  from  3.9- 

FHQ.  X 

MIS  HKO.  X 

6.2  kmc/s 

SUS  FREQ.  X 

0.226  13S.8 

1.65  19.3 

X  BAND 

10.90  2.76 

36.00  0.834 

E 

P 

A 

0.390  76.9 

1.66  18.2 

aran 

12.26  2.45 

38.00  0.790 

UHF  TELE- 

VISION  BAND 

1.66  18.2 

6.20  6.77 

12.25  2.46 

38.00  0.790 

Channels  14  thru  83 

1.86  16.2 

6.60  5.46 

s 

18.25  2.20 

B 

40.00  0.760 

0.470  to  0.890  kmc /a 

L  BAND 

1.86  16.2 

6.60  5.46 

13.25  2.26 

40.00  0.760 

T 

Q 

E 

C 

2.00  15.0 

6.76  6.22 

14.26  2.10 

42.00  0.716 

mmmmm 

2.00  16.0 

6.75  6.22 

14.25  2.10 

42.00  0.715 

C 

Y 

C 

D 

2.40  12.6 

6.20  4.84 

16.36  1.95 

44.00  0.682 

0.466  64.6 

2.40  12.6 

6.20  4.84 

15.35  1.96 

44.00  0.682 

C 

Q 

D 

U 

E 

0.510  68.8 

2.60  11.6 

6.26  4.80 

17.25  1.74 

46.00  0.652 

0.610  58.8 

6.26  4.80 

17.25  1.74 

V  HAND 

L 

-,r  i 

B 

T 

0.726  41.4 

0.90  4.35 

20.50  1.46 

■SHi 

0.726  41.4 

2.70  11.1 

6.90  4.36 

20.50  1.46 

46.00  0.652 

Y 

G 

R 

Q 

A 

0.780  38.4 

2.90  10.8 

7.00  4.29 

24.50  1.22 

48.00  0.626 

0.780  38.4 

2.00  10.8 

7.00  4.29 

24.50  1.22 

48.00  0.625 

T 

S 

C 

R 

B 

0.900  38.3 

3.10  9.68 

8.60  8.63 

26.50  1.13 

60.00  0.600 

0.900  38.3 

3.10  9.68 

26.50  1.13 

50.00  0.600 

S 

A 

M 

c 

0.960  31.6 

3.40  8.83 

■ 

28.50  1.05 

52.00  0.677 

0.960  31.6 

3.40  8.83 

9.00  3.33 

28.50  1.05 

62.00  0.577 

X 

W 

S 

N 

D 

1.160  26.1 

3.70  8.11 

9.60  3.13 

30.70  0.077 

64.00  0.656 

1.160  26.1 

3.70  8.11 

0.60  3.13 

30.70  0.077 

64.00  0.656 

K  ! 

H 

X 

L 

E 

1.360  22.2 

3.90  7.69 

10.00  3.00 

33.00  0.009 

66.00  0.636 

1.360  22.2 

3.90  7.69 

10.00  8.00 

33.00  0.900 

K1  BAND  Designs- 

tion  includes  Ku 

thru  Kg  16.36  to  24.6 

1.460  20.7 

4.20  7.16 

10.2b  2.93 

36.00  0.834 

kmc/a 

1.460  20.7 

4.20  7.16 

10.25  2.03 

LEGEND:  SUB  = 

Identifying  nubletter.  1 

Z 

D 

K 

FItEQ.  =  Band  limits  in  kilomcgacyclos/sec. 

1.660  19.3 

5.20  6.77 

10.90  2.76 

X  =  Equivalent  wavelength  in  centimeters. 

*  By  permission  of  Vectron,  Inc.  This  chart  has  been  compiled  from  various  sources  and,  although  believed 
accurate,  ia  for  general  information  only.  Thin  data  is  not  neoetnari ly  official. 
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Flgurt  2-AIO.  Contour*  for  00  Porcont  Powor  Trantmltilon  Efficiency  for  Lottlttt 
Solti  Wall *  with  Perpendicular  Polarization 


POWER  TRANSMISSION  COEFFICIENT,  T2 


INSERTION  PHASE  DELAY  ( 


TRANSMISSION  COEFFICIENT 


ICO 


INSERTION  PHASE  DELAY  (DEGREES) 


POWER  TRANSMISSION  COEFFICIENT.  T 
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Figure  4- A 13.  Power  Transmission  and  Insertion  Photo  May  vt  Thickness  for 
lossless  Solid  Walls  wifh  t,  =  4  and  Perpendicular  Polarisation 
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POWER  TRANSMISSION  COEFFICIENT,  T2 


Ffguite  2-414.  Power  Transmission  and  Insertion  Phot*  Delay  v*  Thickness  for 
lonless  Solid  Wall*  with  er  =  4  and  Parallel  Polarization 
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INSERTION  PHASE  DELAY  (DEGREES) 


POWER  TRANSMISSION  COEFFICIENT,  T 
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POWER  TRANSMISSION  COEFFICIENT,  T 
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Flgurt  2-A17.  Power  Transmission  v«  Thkknoss  for  La**fost  Solid  Walk  with 
fr~9  and  Porpondltul  at  Polarization 


Figaro  2-All.  Powor  Transmission  vs  Thltknass  for  Lossless  Solid  Wall*  with 
tr  —  9  and  Parallol  Polarization 
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A||  (RADIANS)  A|  (RADIANS) 
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THICKNESS  TO  WAVELENGTH  RATIO,  X/X 


i 

i 

Figure  2 -A  19.  Insertion  Phase  Delay  vs  Thickness  for  Lossless  Solid  Walls  with 
t,  =  9  and  Perpendicular  Pofarlxaflon 


flguro  2-A20.  Insertion  Phase  Delay  vs  Thickness  lor  Lossless  Solid  Walls  with 
tr  =  9  and  Parallel  Polarization 
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DIAMETER  (INCHES)  WALL  THICKNESS  (INCHES) 


Figure  2-A22.  Nomograph  Giving  Weight  of  Tangent  Ogive  Note  in  Terms  of 
Base  Diameter,  L/D  Ratio,  Wall  Thickness,  Material  Specific  Weight, 
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Figure  2-423.  Nomograph  Giving  Weight  of  Tangent  Ogive  Nose  in  Terms  of 
Base  Diameter,  L/D  Ratio,  Wall  Thickness,  Material  Specific  Weight, 
end  Moderate  Material  Volume 
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Figur*  2-A2S.  Contour*  of  Constant  Power  Transmission  Efficiency  for  "A” 
Sandwich  with  95  Porcont  Power  Transmission  Coefficient 


PERPENDICULAR  POLARIZATION 
ANGLES  OF  INCIDENCE  :0®  TO  SO# 
DIELECTRIC  CONSTANTS:  4.0, 1.2 ,4.0 


LOSS  TANGENTS  :  0.014, 0.004,  0.014 


d* /\o 


Figure  2-A26.  Contour*  of  Conitant  Powor  Trantmlttion  Efficiency  for  “A” 
Sandwich  with  90  Percent  Powor  Trantmlnion  Coefficient 
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Figure  2-A27.  Contours  of  Constant  Power  Transmission  Efficiency  for  "A" 
Sandwich  with  $5  Percent  Power  Transmission  Coefficient 


d*  A0 


Figure  2-A29.  Contours  of  Constant  Power  Transmission  Efficiency  for  "A" 
Sandwich  with  SO  Percent  Power  Transmission  Coefficient 
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-SPACE  WAVELENGTH 


O.A29 
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SKIN  THICKNESS/FREE-SPACE  WAVELENGTH 


SKIN  THICKNESS/ FREE-SPACE  WAVELENGTH 


CORE  THICKNESS/FREE- SPACE  WAVELENGTH 


Figure  2-A31 .  Conditions  For  Maximum  Transmission  Efficiency  for 
"A"  Sandwiches  with  Perpendicular  Polarization  and  Various  Anglos  of  Incidence 
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SYMBOLS 


A  Rain  accumulation,  in. 

C  Speed  of  sound  in  water 

D  Median  rain  drop  diameter,  mm 

I  Rain  intensity,  in./hr 

K  Materials  constant 

N  Number  collisions/in.* 

R  Erosion  weight  loss,  mg 

Rn  Total  normal  radiation 

T„  Brightness  temperature 

T,  Radiation  temperature 

T,  True  temperature 

V  Free  stream  velocity,  ft/sec 

Va  Threshold  velocity  below  which  erosion 

does  not  occur 
t  Time,  hr 

x  Materials  constant;  coating  thickness, 

mils 

a  Flow  factor,  which  is  slightly  less  than 
unity 

c  Effective  emittance 

AT  Maximum  temperature  differential 

p  Density  of  water 

<r  Stefan-Boltzmann  factor 

0  Time  to  reach  erosion 
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CHAPTER  3 

ENVIRONMENTAL  SIMULATION  AND  TEST  DATA 


Each  generation  of  high-velocity  vehicles  fur¬ 
ther  complicates  the .  electrical  and  structural 
design  of  the  radome  required  by  its  corre¬ 
sponding  weapons  system.  The  selection  of  re¬ 
fractory  materials,  while  enabling  the  designer 
to  satisfy  the  stringent  temperature  require¬ 
ments  encountered  with  these  new  profiles,  pre¬ 
sents  an  entirely  now  family  of  difficulties. 

As  can  be  seen  from  the  discussions  presented 
in  Paragraphs  1-1.5  and  u-3.4,  the  thermal  en¬ 
vironment,  with  its  associated  thermal  shock, 
is  of  paramount  importance  in  the  selection  of 
the  appropriate  design  parameters.  Another 
problem  that  arises,  because  of  the  intrinsically 
brittle  nature  of  most  refractory  materials,  is 
the  impingement  of  rain  droplets  at  these  high 
velocities.  This  chapter  discusses  recent  findings 
in  the  field  of  simulation  of  both  the  rain  and 
thermal  shock  environments. 

In  addition  to  these  environments,  the  radome 
designer  has  to  overcome  the  effects  of  nuclear 
radiation.  Of  late,  most  radome  specifications, 
whether  for  ground-based,  shipboard,  or  air¬ 
borne  applications,  have  been  required  to  meet 
some  radiation  specification.  This  chapter  con¬ 
cludes  with  a  brief  discussion  of  the  effects  of 
nuclear  radiation  on  some  of  the  more  promi¬ 
nent,  radome  materials. 


3-1  THE  RAIN  ENVIRONMENT 

Any  discussion  of  the  rain  erosion  problem 
must  begin  with  an  explanation  of  the  natural 
rain  environment,  so  that  the  radome  designer 
can  properly  select  realistic  test  methods  and 
rain  rates,  and  properly  conduct  trade-off  stud¬ 
ies  involving  reliability,  system  performance, 
and  the  rain  environment. 


3-1.1  RAIN  INTENSITY  AND  FREOUENCY 

Maximum  rain  rates  occur  in  thunderstorms, 
generally  when  the  ground  air  temperature  is 
near  70"F.  Except  for  a  few  select  and  rela¬ 
tively  small  isolated  localities,  the  maximum 
rain  rates  in  the  United  States  are  representa¬ 
tive. 

The  maximum  rainfall  accumulation  for  the 
entire  western  half  of  the  United  States  is  given 
in  Table  3-1  (Reference  1).  Rain  accumulation 
is  given  for  time  intervals  ranging  from  6  min¬ 
utes  (1/12  hour)  to  24  hours.  The  data  shows 
that  only  once  in  a  2-year  period  was  there 
recorded  0.85  in.  of  rain  over  a  6-minute  inter¬ 
val.  This  is  equivalent  to  an  average  rainfall 
rate  of  4.2  in./hr.  Once  in  a  10-year  period,  0.6 
in,  was  measured  in  5  minutes  for  an  average 
rate  of  6  in./hr.  Maximum  rainfall  expectancy 
for  a  given  time  interval  usually  increases  with 
the  number  of  years  over  which  the  records  are 
observed. 

Table  3-1  shows  that  the  rainfall  rate  and 
accumulation  both  decrease  as  the  time  dura¬ 
tion  increases,  The  maximum  accumulation  is 
related  to  the  time  duration,  t,  as  follows : 

A  =  14,3  \/t  (8-1) 

where  A  =  accumulation,  in. 
t  :=  time,  hr 

The  rainfall  expectuncy  along  the  Gulf  Coast 
is  the  most  severe  in  the  United  States  and  is 
about  twice  tho  values  given  in  Tuble  3-1.  In¬ 
stantaneous  rain  rate  expectancy  for  New  Or¬ 
leans  is  given  in  Fig.  3-1.  The  figure  shows  that 
this  area  can  expect  a  rainfall  rate  of  1  in. /hr 
0.8%  of  the  time.  The  probability  of  encounter¬ 
ing  1  in./hr  is  1  in  760.  A  very  intense  rainfall 
of  6  in, /hr  would  be  expected  to  occur  only 
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TABLE  3-1  MAXIMUM  RAINFALL  ACCUMULATION  AND  AVERAGE 
RAINFALL  RATE  FOR  WESTERN  USA* 


Frequency 

- - - 

vuranon  Ihril  j 

1/12 

1/4 

1/4 

1/2 

1 

2 

4 

1 

14 

24 

Onco  in 

0.35 

060 

0.76 

1.00 

1.26 

1.60 

2  yr 

(4.2) 

(3.6) 

(3.0) 

(2.00) 

(1.26) 

(0.76) 

Onco  in 

0.45 

0.75 

0.90 

1.30 

1.50 

1.90 

2.25 

2.75 

2.86 

2.95 

6  yr 

(5.4) 

(4.6) 

(3.6) 

(2.6) 

(1.0) 

(0.86) 

(0.68) 

Once  In 

0.00 

0.80 

1.10 

1.60 

1.75 

2.26 

2.66 

3.00 

3.26 

3.60 

10  yr 

(6.00) 

(4.8) 

(4.4) 

(3.2) 

(1.75) 

(1.12) 

(0.66) 

Once  in 

0.65 

0.90 

1.25 

1.80 

2.20 

2.60 

3.00 

3.50 

3.86 

4.00 

25  yr 

(6.60) 

(6.4) 

(5.0) 

(3.4) 

(2.20) 

(1,26) 

(0.76) 

Once  in 

0.60 

1.00 

1.40 

2.00 

2.60 

3.00 

3.50 

4.00 

4.15 

4.50 

BO  yr 

(7.20) 

(6.0) 

(6.6) 

(4.0) 

(2.60) 

(1.50) 

(0.876) 

(0.6) 

Once  in 

0.65 

1.10 

1.66 

2.20 

2.80 

3.50 

4.00 

4.50 

4.75 

6.00 

100  yr 

(7.8) 

(6.6) 

(6,2) 

(4,4) 

(2.80) 

(1.76) 

(1.0) 

(0.66) 

*  Top  number  is  tho  accumulation  in  in.  Number  in  parentheses  is  average  rate  in  in. /hr. 


0.05%  of  the  time,  with  a  probability  of  occur¬ 
ring  of  1  in  85,000. 

3-1.2  CLASSIFICATION  OF  RAIN 

Rainfall  is  produced  by  two  different  weather 
conditions  and  may  be  classified  aB  either  thun¬ 
derstorm  rain  or  normal  ruin.  Normal  rain  gen¬ 
erally  covers  a  very  large  area,  lasts  for  several 
hours  or  even  days,  and  usually  has  a  moderate 
rainfall  rate  between  0.01  and  1.0  in./hr.  In  con¬ 
trast,  thunderstorm  rain  is  generally  localized 
over  a  relatively  small  area  and  may  last  from 
only  a  few  minutes  to  several  hours.  Its  instan¬ 
taneous  rate  may  approach  40  in./hr,  but  rarely 
exceeds  5  to  1C|  in./hr  even  for  very  short  dura-* 
tions. 

A  characteristic  distribution  of  rainfall  rate 
at  different  altitudes  for  both  normal  and  thun¬ 
derstorm  rain  is  shown  in  Fig.  8-2,  The  curves 
indicate  a  typical  decrease  of  the  rate  with  in¬ 
creased  altitude  for  normal  rain  having  a  given 
rate  at  ground  level.  Thunderstorm  rain  rate 
distribution  vs.  altitude  is  quite  erratic  by  com¬ 
parison  and  usually  has  an  instantaneous  rate 
at  relatively  low  altitudes  considerably  greater 
than  at  ground  level.  A  typical  thunderstorm 


diameter  distribution  vs.  altitude  is  given  in 
Fig.  8-2. 

Normal  rain  rate  diminishes  to  very  low 
values  above  25,000  to  80,000  feet.  Thunder¬ 
storm  rain  is  rare  above  40,000  feet,  but  has 
been  observed  at  altitudes  as  high  as  60,000 
feet.  Terminal  velocity  of  raindrops  vuries  with 
altitude  and  drop  size,  with  larger  drops  having 
higher  velocities.  Values  may  range  between 
16  and  30  ft/sec. 

Normal  rainfall  particle  size  distribution  is 
shown  in  Fig.  8-8  for  rain  rates  between  0.01 
and  6.0  in./hr.  At  the  l.O-in./hr  rate,  23% 
(i.e.,  62% -39%)  of  the  volume  would  have  drop 
diameters  from  2,0  to  2.26  mm.  The  curves 
demonstrate  a  definite  nonlinear  increase  in 
drop  size  with  increased  rainfall  rate.  The  me¬ 
dian  diameter,  D,  increases  more  slowly  than 
the  intensity,  I,  and  generally  satisfies  the 
equation : 

D  =  2.28  I1’ »*»“  (8-2) 

where  D  =  median  diameter,  mm 
I  =s  intensity,  in. /hr 

For  I  of  2  in. /hr,  the  median  diameter  is  2.68 
mm.  The  median  diameter  divides  the  drops  of 
largor  and  smaller  diameter  into  groups  of 
equal  total  volume. 
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3-2  THE  MECHANISM  OF  RAIN  EROSION 

3-3.1  CONDITIONS  FOR  RAIN  DAMAGE 
IN  MATERIALS 

Radome  rain  damage  is  caused  by  the  colli 
sion  of  a  material  traveling  at  high  velocity 
with  free  falling  water  drops  of  random  size 
falling  at  low  velocity.  Such  damage  may  occur 
from  either  of  two  conditions,  or  as  a  result  of 
a  combination  of  both  conditions. 

The  first  condition,  known  as  rain  erosion 
damage,  assumes  the  material  body  to  be  in¬ 
finitely  rigid,  with  little  or  no  deflection  result¬ 
ing  from  the  material’s  absorption  of  the  kinetic 
energy  of  the  water  particles.  The  erosion,  or 
wearing  away  of  the  material,  is  a  surface  con¬ 
dition  only  and  may  be  either  quite  slow  or  very 
rapid,  depending  on  its  properties,  finish,  veloc¬ 
ity  of  the  material,  and  the  rain  rate. 

The  second  condition,  known  as  rain  impact 
damage,  may  result  from  inadequate  structural 
rigidity  and  may  be  more  of  a  design  problem 
than  a  materials  problem.  Rain  impact  damage 
may  occur  in  plastic  radomes,  either  of  the  solid 
laminate  or  sandwich  type,  when  the  skin  is 
quite  thin.  The  laminate  may  suffer  extreme  de¬ 
flection,  delamination  of  the  layers,  and  com¬ 
plete  deterioration  of  the  resin.  Such  has  been 
experienced  in  conventional  plastic  "A1'  sand¬ 
wich  radomes  having  skins  approximately  0.020 
in.  thick  when  used  for  high-speed  subsonic  air¬ 
craft.  In  solid  thin-wall  ceramic  radomes,  be¬ 
cause  of  their  intrinsic  brittleness,  catastrophic 
failure  can  result  from  the  impact  of  several  or 
even  a  single  drop  when  the  instantaneous  high 
pressure  resulting  from  the  impact  causes  ex¬ 
cessive  tensile  stresses  on  the  back  side  of  the 
material. 

Failures  of  these  types  can  be  corrected  in 
design  and  are  classified  primarily  as  structural 
problems.  For  this  discussion,  the  radome  body 
is  assumed  to  be  capable  of  absorbing  the  energy 
without  serious  deflection  or  excessive  stress 
levels.  The  main  concern  is  the  problem  of  sur¬ 
face  erosion, 

3-2.2  MATERIALS  THAT  RESIST  RAIN  DAMAGE 

Rain  erosion  testing  of  radome  materials 
over  the  pust  decade  indicates  that  the  two  types 
of  materials  least  affected  by  ruin  are  soft  re¬ 


silient  materials,  such  as  neoprene,  and  very 
hard  materials,  such  as  glass  and  ceramics. 
Materials  with  properties  between  these  two 
extremes  have  consistently  demonstrated  low 
resistance  to  erosion.  This  has  led  to  the  wide¬ 
spread  use  of  resilient  coatings  to  protect  the 
surface  of  plastic  materials  in  tne  subsonic  ve¬ 
locity  range  and  to  the  accept'  nee  of  ceramics 
for  supersonic  velocities. 

3-2.3  EXPERIMENTAL  CONSIDERATIONS 
OF  RAIN  EROSION 

Reference  4  demonstrates  that  plastic  and 
metal  erosion,  for  a  given  material-sample  ge¬ 
ometry  and  rain  rate,  may  be  fitted  to  an  expo- 


PROBABI LITY  OF  RAIN  RATE 
1C-8  I0‘4  IO'5  I0*8  10-' 


Figure  3-1 .  Inetantaneoui  Kain  Rat*  Expectancy 
for  No w  O rleani  (Ref,  2) 
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RAIN  RATE  (in./hr) 

Figure  3-2.  Rain  Rata  vs  Altitude  far  Normal  Rain  and  Mature  Thunderstorm 

(Ret.  2) 


nential  expression,  such  as : 

rt  rr\rw  / -  -* 

where  R  —  erosion  weight  loss,  mg 
V  —  test  velocity,  ft/scc 
K  materials  constant 
x  =  materials  constant 

This  equation  may  be  rewritten  as : 

R  ^  K  (V  -  Va)*  (3-4) 

where  Va  =  threshold  velocity  below  which  ero¬ 
sion  does  not  occur  for  the  particu¬ 
lar  material. 

From  these  experiments,  it  was  found  that  a 
smooth  surfuce  was  the  longest  wearing.  This 
was  due  to  the  time  before  the  surface  finish  was 
sufficiently  roughened  to  erode.  After  the  sur¬ 
face  was  roughened,  erosion  caused  a  measur¬ 
able  weight  with  time.  The  time,  0,  to  reach  this 
state  was  dependent  upon  the  material,  surface 
finish,  and  test  velocity. 


Although  no  specific  work  was  performed  to 
develop  a  better  understanding  of  constants  K 
and  x,  they  are  dependent  upon  the  surface  fin¬ 
ish,  hardness,  water  drop  incidence  angle,  and 
other  specific  materials  properties.  Further  de¬ 
scription  of  the  constants  requires  a  detailed 
investigation  of  all  the  variables.  Results  for 
selected  materials  are  shown  under  Test  Results. 

Reference  5  shows  the  deformation  of  a 
spherical  water  drop  in  collision  with  a  hard 
surface  at  normal  and  oblique  incidence  angles 
and  at  velocities  up  to  1750  ft/sec.  The  sphere 
deforms  into  a  flattened  teardrop,  then  to  a 
mushroom  top,  and  finally  to  a  thin  disk  as  im¬ 
pact  velocity  increases.  Along  with  those  re¬ 
sults,  radial  flow  velocities  parallel  with  the 
material  surface  have  been  determined.  ThiB 
radial  flow  velocity  was  found  to  be  greater 
than  twice  the  free  stream  velocity,  V. 

References  5,  6,  and  7  present  the  studies 
and  photographs  of  water  drops  striking  mate¬ 
rials  at  impact  velocities  up  to  3200  ft./«ec.  The 


figure  3-3.  Particle  She  Distribution  of  Natural  Rainfall  (Pel.  3) 
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resulting  radial  force  acts  upon  the  peaks  within 
the  surface  finish  of  the  material  with  an  impact 
pressure  equal  to : 

a/2pCV 

where  C  =  speed  of  sound  in  water 

a  =  flow  factor,  which  is  slightly  less 
than  unity 
p  =  density  of  water 

The  material  must  resist  this  high  pressure 
scrubbing  action  or  erode.  Elastic  coatings  may 
deform  and  spring  back  as  long  as  the  ultimate 
tensile  stresses  are  not  exceeded  for  the  elastic 
material  and  the  bond  is  not  broken  between 
the  coating  and  the  subsurface.  Uncoated  rigid 
materials  must  resist  shearing  stresses  across 
the  base  of  the  jagged  surface  peaks.  Therefore, 
the  smoother  the  finish  and  higher  the  maxi¬ 
mum  shear  stress,  the  more  resistant  the  mate¬ 
rial  is  to  rain  erosion.  It  follows  that  erosion 
first  occurs  at  weak  spots  or  areas  of  poor  sur¬ 
face  finish.  Likewise,  a  porous  surface  is  less 
resistant  than  a  nonporous  surface. 

As  the  impact  incidence  angle  of  the  rain  is 
decreased,  the  radial  velocity  component,  the 
resulting  radial  pressure,  and  the  erosion  dam¬ 
age  rate  are  decreased  proportionately.  Quali¬ 
tative  test  data  substantiate  this  impact  angle 
effect. 

Fragmentation  of  water  drops  as  a  result  of 
passing  through  the  separation  region  behind 
a  shock  wave  has  been  investigated  over  a  lim¬ 
ited  range  of  conditions  by  the  National  Bureau 
of  Standards.  Reference  9  shows  that  rain  drops 
are  reduced  to  a  mist  in  the  Mach  1.3  to  1.7 
range,  resulting  in  a  detached  shock  wave,  such 
as  would  be  generated  by  a  sphere.  Fragmenta¬ 
tion  results  when  there  is  a  sufficient  velocity 
differential  between  the  water  drop  and  the 
separated  region  behind  the  shock  front  and 
when  the  transit  time  from  the  shock  wave  to 
the  body  surface  is  sufficiently  long. 

The  same  phenomenon  occurs  with  shapes 
other  than  spheres,  at  higher  supersonic  veloci¬ 
ties,  and  with  bodies  of  other  sizes.  Where  the 
nose  shape  and  Mach  number  are  such  that  the 
shock  wave  i3  oblique,  attached  fragmentation 
may  still  occur  if  the  transit  time  is  of  sufficient 
duration.  For  a  given  nose  configuration  and 
Mach  number,  this  reaction  time  increases  di¬ 
rectly  as  the  size  of  the  body  is  increased.  Where 
the  body  is  small  and  there  is  insufficient  time 


to  fragment  the  drops,  the  addition  of  a  spike 
extends  the  wave  front  and  permits  sufficient 
time  for  water-drop  breakup. 

3-3  TEST  METHODS  FOR  SIMULATING 
RAIN  EROSION 

3-3.1  THE  CENTRIFUGE 

The  centrifuge,  or  whirling  arm,  has  proven 
to  be  a  very  effective  instrument  for  the  meas¬ 
urement  of  rain  erosion  resistance  of  materials. 
Two  facilities  employing  such  instruments  have 
been  in  operation  for  many  years:  one  at  the 
Cornell  Aeronautical  Laboratory  and  one  at  the 
University  of  Cincinnati  (Reference  11) .  Both 
facilities  use  two-blade  zero-iift  propellers. 
These  arms  are  designed  to  test  leading  edge 
samples,  as  shown  by  Fig.  3-4.  The  CAL  facility 
places  the  center  of  the  test  sample  23*4  in. 
from  the  axis  of  rotation ;  the  UC  facility  places 
an  identical  specimen  21  in.  from  the  axis. 

In  their  present  form,  both  centrifuges  are 
limited  to  subsonic  velocities.  The  propeller  pro¬ 
files  are  such  that  compressibility  is  encoun¬ 
tered  in  the  region  of  600  mph  (880  ft/sec). 
Above  this  speed,  the  power  required  to  drive 
the  unit  rises  sharply  and  the  wave  front  from 
the  tip  tends  to  fragment  the  free-falling  simu¬ 
lated  rain.  The  specimen  is  thus  exposed  to  the 
turbulent  wake  of  the  previous  revolution, 
which  is  a  very  poor  simulation  of  the  natural 
environment. 

The  Cornell  whirling  arm  produces  a  rain¬ 
drop  collision  rate,  at.  1-in. /hr  rainfall  rate  and 
1.9-mm  average  drop  size,  given  by : 

N  =  5.09Vt  (3-5) 


where  N  =  number  collisions/in.2 
V  =  velocity,  mph 
t  =  exposure  time,  min 


0.035 

- NOTCHED  fOFi  STRAP 

Figure  3-4.  Test  Specimen  for " Whirling  Arm" 
Rain  Erosion  Simulator 
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Figure  3-5.  Diagrammatic  Arrangement  of  Supertonic  Liquid  Drop 
Impact  Apparatut 


These  facilities  have  produced  extremely 
useful  data  in  the  evaluation  of  many  possible 
rain  erosion  coatings.  For  example,  the  Good¬ 
year  23-66  neoprene  coating,  at  standard  test 
conditions  of  600  rnph  and  1  in./hr  rainfall,  re¬ 
lates  coating  thickness  with  time  to  erode  by : 

t  =  0.63xa  (3-6) 

where  t  =  time  for  coating  to  erode,  min 
x  coating  thickness,  mils 

At  this  speed  and  rain  rate,  a  10-mil  coating  of 
the  Goodyear  material  lasts  approximately  63 
minutes  in  the  rain  and  a  20-mil  coating  lasts 
about  212  minutes  (Reference  9). 

This  type  of  data  has  enabled  designers  to 
select  adequate  laminates  and  coatings  for  air¬ 
craft  in  the  high  subsonic  speed  range.  Altl.  'ugh 
these  coatings  may  be  damaged  or  stripped  v,.? 
in  flight  through  heavy  rainstorms,  they  pre¬ 
vent  damage  to  the  radome.  The  radome  can  be 
recoated  to  renew  the  protection. 

3-3.2  THE  RAIN  GUN 

An  apparatus  for  the  study  of  the  impact  of 
liquid  drops  on  a  surface  moving  a'-  supersonic 


speeds  has  been  designed  and  operated  by  the 
Royal  Aircraft  Establishment  (Reference  6). 
The  device  consists  of  a  gun,  a  blast  tube,  and 
a  projectile  arresting  mechanism,  as  shown  in 
Fig.  3-6.  The  gun  has  a  1.26-in.  diameter 
smooth-bore  barrel  screwed  to  a  breech  block 
that  receives  a  1.0-in.  engine-starter  cartridge 
with  electric  igniter.  The  blast  tube  prevents 
the  gases  from  the  gun  barrel  from  reaching  the 
water  drops  before  the  projectile.  The  blast  tube 
■  is  6  ft  long  with  the  same  diameter  as  the  gun 
barrel. 

The  arrester  tube  consists  of  a  series  of  wash¬ 
ers  and  spacers.  The  washers  have  an  inside 
diameter  smaller  than  the  projectile  diameter 
and  are  deformed  in  absorbing  the  kinetic  en¬ 
ergy  of  the  projectile  while  capturing  it  intact. 
The  washers  have  a  0.9-in.  bore  and  are  graded 
in  throe  sections  from  0.018-in.  thickness  at  the 
entry  section  to  0.048  in.  in  the  third  section. 
The  top  half  of  the  tube  is  hinged  for  installa¬ 
tion  of  new  disks  after  each  firing. 

Single  drops  up  to  2.6  mm  in  diameter  can 
be  suspended  on  the  projectile  flight  line  on  a 
drop  holder  ring,  The  drops  are  held  in  place 
by  a  very  fine  web.  With  careful  positioning  of 
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the  drops,  repeated  impacts  on  the  same  area 
of  a  test  specimen  can  be  obtained.  The  de¬ 
tached  normal  shock  wave  of  the  projectile  de¬ 
flects  the  iow  mass  web  instantaneously,  leav¬ 
ing  the  spherical  drop  to  impact  with  the  test 
specimen,  as  shown  in  Figs.  3-6  and  3-7. 

Disk-shaped  test  specimens  may  be  tested 
in  either  a  supported  or  unsupported  condition. 
Typical  projectiles,  as  shown  in  Figs.  3-8  and 
3-9,  are  made  of  plastic  and  have  a  steel  nose. 
The  steel  nose,  in  contact  with  the  aluminum 
stopping  disks,  provides  good  resistance.  The 
plastic  keeps  the  projectile  mass  low  and  helps 
to  keep  the  body  center  of  gravity  forward  to 
assist  in  projectile  stability. 

The  velocity  is  measured  by  two  photo  cells 
looking  through  holes  in  the  blast  tube.  Accord¬ 
ing  to  the  projectile  charge  used,  the  apparatus 
is  capable  of  velocities  between  500  and  3200 
ft/sec.  Velocities  are  limited  only  by  the  maxi¬ 
mum  allowable  breech  pressure  of  10,000  psi. 


Figure  3-6.  Projectile  About  to  Strike  2 -mm 
Diameter  Water  Drop  at  1200 11/ tot 


Progressive  deformation  by  the  water  drop  on 
the  material  surface  is  recorded  by  photographs 
from  successive  firings.  This  device  is  simple  to 
operate  and  permits  precisely  controlled  experi¬ 
ments  at  a  reasonable  cost. 

3-3.3  MITHRAS  EROSION  SIMULATOR 

Under  a  Navy  BuWeps  contract,  a  wind- 
tunnel  test  device  was  constructed  by  Mithras, 
Inc.  ^Reference  12).  The  test  setup,  mounted 
in  the  David  Taylor  Mode!  Basin  supersonic 
blow-down  tunnel,  is  shown  in  Fig.  3-10.  This 
erosion  simulator  consists  of  a  pylon  on  which 
is  mounted  a  high-pressure  line  and  water- 
injection  nozzle.  A  slug  or  cylinder  of  water  is 
accelerated  from  the  nozzle  using  a  high-pres¬ 
sure  source  and  is  controlled  by  a  quick-opening 
valve.  The  slug  of  water,  when  ejected,  is  dis¬ 
rupted  info  a  form,  shown  typically  by  Fig. 
3-11,  in  which  the  water  distribution  is  de¬ 
pendent  upon  discharge  pressure  and  the  rela¬ 
tive  velocity  between  the  water  particles  and 
the  local  air  stream. 


STEEL  NOSE 


SPECIMEN 


X. 


SOLID  BODY 


figure  3-8.  Projectile  with  Molded  Polyethene 
Body  for  Carrying  Solid  Specimen 


Figure  3-7.  Projectile  About  to  Strike  2 -mm 
Diameter  Water  Drop  at  3000  ft /tec 
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Figure  3-9.  Projectile  with  Molded  Polyethene 
Body  for  Carrying  Sheet  Specimen 


Unfortunately,  the  distribution  of  particle 
:;;zc  has  not  booii  m:tcrmuied.  x  xie  test  method 
at  this  time  must  be  considered  qualitative,  but 
it  may  prove  useful  in  comparing  two  different 
materials  and  their  resistances.  Experiments 
have  been  conducted  in  the  velocity  range  be¬ 
tween  1000  and  2000  ft/sec. 

3-3.4  THE  BALLISTIC  RANGE 

A  1500  ft  rainfall  system,  known  as  the  Su¬ 
personic  Rain  Erosion  Ballistic  Range,  was  con¬ 
structed  at  Camp  Elliot,  California.  An  over¬ 
head  spray  nozzle  system,  capable  of  producing 
rain  rates  of  up  to  11.9  in./hr  with  a  drop  size 
distribution  similar  to  1.0  in./hr  of  natural 
rainfall,  is  used  as  a  source  of  rain.  Special  67- 
mm  shells  were  designed  for  testing  cones  and 


Figure  3-10.  Vie w  of  Modal,  without  Sleeve,  In 
Extreme  Downstream  Petition  and  Water  Nozzle  in 
Extreme  Upstream  Position 


flat  samples  with  2-in.  base  diameter.  The  cone 
hair  angles  tested  were  15°,  22,/i°,  and  30°. 
Mach  2.0  data  are  available  for  laminates  of 
phenolic,  Epon  828,  silicone,  polyester,  and 
other  materials  (References  13  and  14).  The 
test  program  included  metal-tipped  cones,  alu¬ 
mina  ceramics,  and  elastomeric  erosion  coat¬ 
ings. 

The  extreme  axial  acceleration  forces  make 
this  system  much  more  desirable  for  plastic 
materials  than  for  ceramics.  Similarly,  the  re¬ 
covery  system,  a  time-delay  parachute  device, 
necessitates  ground  impact  of  the  test  piece  at 
velocities  sufficiently  high  to  cause  recovery 
damage  to  brittle  materials.  Extension  of  this 
technique  to  higher  velocities  would  result  in 


TIMING  SCALE  <100  /us  LARGE  DIVISOR) 


209 


Figure  3-11.  Test  Photos  of  Water  Slug  with 
Sleeved  Model 


even  higher  acceleration  forces  and  recovery 
damage  and  is  not  used.  The  57-mm  test  pro¬ 
gram  is  one  of  the  most  comprehensive  erosion 
programs  and  is  recommended  for  icview  by 
the  radome  designer  when  selecting  materials 
for  use  at  Mach  2  or  lower. 

3-3.5  THE  ROCKET  SLED 

For  velocities  of  Mach  2.0  and  higher,  the 
supersonic  rocket  sled  is  the  most  realistic  rain 
erosion  test  method.  Many  tests  have  been  made 
in  the  Mach  1.6  to  3,0  range,  using  many  dif¬ 
ferent  materials  for  radomes  of  various  sizes 
and  configurations.  Artificial  rain  fields  have 
been  installed  at  Holloman  Air  Force  Base,  Ed¬ 
wards  Air  Force  Base,  and  the  Naval  Ordnance 
Test  Station.  Much  has  been  learned  about  the 
use  and  limitations  of  radome  materials  in  su¬ 
personic  rocket  design  from  this  rocket  sled 
testing  in  controlled  artificial  rain.  However,  it 
should  be  recognized  that  this  test  method  is 
extremely  expensive  for  the  limited  information 
obtained  and  produces  little  in  the  way  of  quan¬ 
titative  engineering  data.  Its  greatest  value  is 
probably  as  a  means  of  qualification  testing  a 
radome  for  a  given  aircraft  or  missile  system 
early  in  the  program  without  jeopardizing  a 
costly  developmental  missile. 

The  cost  of  a  sled  test  program  is  dependent 
upon  many  factors,  including  the  number  of 
runs,  sled  complexity,  degree  of  instrumenta¬ 
tion,  propulsion  system  selected,  and  amount  of 
design  and  analysis  required.  Monorail  sleds  are 
less  expensive  to  build  and  require  lower  thrust 
levels  to  attain  a  required  velocity;  therefore, 
they  have  been  used  extensively  for  testing 
small  missile  radomes.  The  testing  of  large  ra¬ 
domes  requires  a  dual-rail  sled  with  higher 
weight,  greater  thrust,  more  complex  stopping 
mechanisms,  and,  therefore,  are  higher  in  cost. 

Both  single-stage  and  dual-stage  propulsion 
systems  have  been  used.  To  achieve  constant 
velocity  within  the  rain  field,  a  second-stage 
rocket  is  generally  selected,  since  most  single- 
stage  thrust  programs  only  permit  the  designer 
to  achieve  maximum  velocity  somewhere  within 
the  rain  field.  Thrust  program  selection  is  in¬ 
fluenced  by  the  available  track  length  between 
the  starting  point  and  the  rain  field,  by  the  run¬ 
out  distance  after  the  rain,  and  by  the  stopping 
mechanisms  available. 

Overall  testing  costs  are  affected  by  struc¬ 


tural  failures,  weather  delays,  instrumentation 
malfunctions,  and  extensive  setup  times  be¬ 
tween  runs.  Careful  planning,  including  a  sec¬ 
ond  sieri,  backup  instrumentation,  preliminary 
testing,  and  scheduling  when  the  weather  con¬ 
ditions  are  least  likely  to  interfere,  will  likely 
reduce  the  overall  cost  and  yield  more  informa¬ 
tion  for  a  given  expenditure. 

In  full-scale  radome  qualification  testing,  at 
least  one  dummy  run  should  be  made  using  a 
metal  dome  to  verify  predicted  sled  perform¬ 
ance.  Three-axis  vibration  levels  can  be  meas¬ 
ured  for  preliminary  laboratory  vibration  simu¬ 
lation.  Shock  and  vibration  levels  experienced 
on  the  track  may  be  much  more  severe  than  in 
flight.  Many  radome  failures  have  resulted 
from  this  environmental  condition  rather  than 
rain  damage.  When  failure  occurs,  it  is  some¬ 
times  very  difficult  to  determine  or  separate  rain 
failures  from  sled  vibration  failures. 

The  sled  designer  should  select  low-cost, 
readily  available  rocket  motors  with  well-estab¬ 
lished  performance.  Instrumentation  should  be 
selected  that  is  capable  of  recording  velocity  and 
track  station  at  time  of  failure.  Proven  track 
methods  should  bo  employed  where  possible. 

All  United  States  supersonic  track  facilities 
have  published  reports  disclosing  detailed  track 
and  rain  field  information.  An  existing  sled 
may  be  available  that  would  require  minor  re¬ 
work  and  save  the  cost  of  a  new  sled  design. 
All  tracks,  facilities,  and  available  sleds  should 
be  considered  before  selecting  a  track  facility 
for  radome  testing. 

Small  light-weight  sleds  for  the  Mach  4  to  5 
range  are  presently  under  development,  Design¬ 
ing  in  this  range  presents  many  problems  and 
may  result  in  numerous  failures  before  success 
is  achieved.  However,  when  this  is  accom¬ 
plished,  materials  can  be  tested  at  and  above 
the  sonic  velocity  in  water,  4800  ff  sec.  Beyond 
this  speed,  the  water  drop  behaves  like  a  rigid 
particle  rather  than  a  fluid.  This  presents  an 
unexplored  area  of  study  on  rain  erosion. 

3-4  SLED  TESTS 

As  can  be  seen  by  (he  foregoing  discussions 
of  various  simulation  techniques,  considerable 
time,  effort,  and  money  have  been  spent  in  an 
attempt  to  obtain  rain  erosion  data.  Each  of 
these  techniques  has  intrinsic  limitations  and 
disadvantages,  since  each  one  is  an  attempt  to 
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TABLE  3-2  COMPARISON  OP  THREE  SLED-TEST  FACILITIES 


Activity 

It.  A.  E. 

Sandla  Cerp. 

USNADC  A  USNOTS 

SNORT 

Track 

P»ndfn«,  Eng, 

Holloman  Air 
Pore*  Baa* 

China  iaka 

Track  Length  (ft) 

sooo 

34,000 

21,000 

Rain  Field  (ft) 

600 

6000 

2500 

Rain  Rate  (in./hr) 

1-6 

5 

2 

Drop  Size  (mm) 

1. 6-2.8 

1.5 

1.8 

Max  Velocity  (ft/soc) 

1700 

280(1 

3030 

Sample  Type 

Flat 

Ogival 

Ogivul 

Length  (in.) 

ei/s-14 

13 

Diameter  (in.) 

7  Vj-8 

C 

Materials 

1 

Plastic 

Ceramic 

Plastic 

Ceramic 

Plastic 

Ceramic 

simulate  the  actual  environmental  conditions 
encountered  by  a  radome  in  flight.  Other  than 
the  use  of  actual  missile  firings  through  a  rain 
environment,  the  costly  technique  of  firing  test 
materials  carried  aboard  a  supersonic  sled 
through  a  calibrated  rain  field  comes  closest  to 
simulating  actual  conditions.  This  is  not  to  say 
that  sled  testing  affords  conclusive  information. 
As  will  be  shown  in  the  following  paragraphs, 
this  technique  can  also  provide  dubious  results. 
The  major  contributions  to  this  field  of  sled  test 
information  in  recent  years  have  been  made  by 
Royal  Aircraft  Establishment,  Ministry  of  Avi¬ 
ation,  England,  at  the  Pendine  Track  Facility ; 
Sandla  Corporation,  Albuquerque,  New  Mexico, 
at  Holloman  Air  Force  Base;  and  Naval  Ord¬ 
nance  Test  Station,  Shrike  Project  and  the 
Naval  Air  Development  Center,  Johnsville, 
Pennsylvania;  Supersonic  Naval  Ordnance  Re¬ 
search  Tract  (SNORT)  at  China  Lake,  Cali¬ 
fornia.  Table  3-2  lists  a  comparison  of  the  vari¬ 
ous  facilities  used  by  these  groups.  Each  of  the 
facilities  uses  a  monorail  sled  for  its  rain  ero¬ 
sion  testing.  Both  the  Radome  Section,  NADC, 
and  the  Shrike  Project  personnel,  NOTS,  use 
the  same  sled  at  the  SNORT  facility. 

3-4.1  NADC  TEST5 

Considerable  controversy  existed  within  the 
Eagle  Missile  program  in  1960  because  of  the 


lack  of  rain  erosion  information.  Because  of  the 
combination  of  size,  C-band  operation,  and 
weight  limitations,  the  selection  of  a  thin-wall 
design  was  necessary.  However,  the  usual  ques¬ 
tion  arose  concerning  the  ability  of  ceramic  and 
plastic  materials  to  withstand  a  rain  environ¬ 
ment,  especially  in  this  instance,  since  a  maxi¬ 
mum  velocity  of  Mach  4.5  would  be  encountered. 
Provisions  were  made  by  the  Bendix  Research 
Laboratories  to  obtain  the  necessary  informa¬ 
tion  in  a  sled  test  program  at  Edwards  Air 
Force  Base,  California.  Unfortunately,  cancel¬ 
lation  of  the  Eagle  Missile  Program  in  early 
1961  curtailed  the  planning  of  sled  testing.  Hav¬ 
ing  seen  the  controversy  that  arose  because  of 
the  lack  of  the  erosion  data  at  supersonic  veloci¬ 
ties,  the  Radome  Section  at  NADC  immediately 
set  upon  a  sled  test  program  to  obtain  some  data. 
Funds  were  provided  by  the  Bureau  of  Naval 
Weapons  to  undertake  a  modest  program  of 
testing  at  the  Supersonic  Naval  Ordnance  Tract 
(SNORT*),  China  Lake,  California. 

One  of  the  first  steps  taken  under  this  pro- 
>  gram  was  an  extension  of  the  original  500-ft 
rain  field  to  a  more  realistic  value  of  2500  ft. 
To  give  an  idea  of  the  tremendous  costs  encoun¬ 
tered,  $21,000  of  the  $48,000  allocated  for  the 
overall  project  was  consumed  in  the  materials 
and  labor  for  this  extension.  Figure  3-12  is  an 
uptrack  view  of  the  completed  2£  00-ft  trackside 
rain  field.  Design  and  fabrication  of  the  Mach 
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2.6  monorail  riled  was  assigned  to  the  personnel 
at  the  SNORT  facility.  In  an  attempt  to  obtain 
as  much  data  as  possible,  it  was  requested  by 

vt  a  nn  u.  .uj 
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small  ( 1  Vi  in.  X  3  in.)  flat  samples  of  test  ma¬ 
terials  in  addition  to  two  test  domes.  Figure 
3-18  clearly  shows  a  triangular  wedge  section 
protruding  from  the  forward  midsection  of  the 
monorail  sled.  This  bulkhead  is  designed  so  that 
three  separate  wedges  of  20°,  30°,  and  40°  half 
angles  can  be  interchanged  throughout  the  ten 
firings.  Since  the  radomes  to  be  tested  were 
all  of  the  same  geometrical  configuration,  the 
wedge  would  provide  highly  desirable  erosion- 
vs.-angle-of -incidence  information.  Each  wedge 
exposes  six  samples  (114  in.  X  3  in.),  three  on 


each  side,  to  the  rain  environment.  A  whip  an¬ 
tenna  is  seen  extended  from  the  top  of  the  main 
housing.  This  telemeters  both  accelerometer  and 
thermocouple  iriforiuation  heclc  to  u  remote  loco- 
tion.  The  primary  sources  of  braking  arc  iner¬ 
tia-actuated  air  scoops  that  open  out  into  the 
air  stream  upon  burn-out  of  the  sled  motors. 
On  November  16,  1061,  a  dummy  firing,  using 
two  Htuinless  steel  rudomos,  was  conducted  to 
determine  sled  performance.  Excessive  aerody¬ 
namic  drag  and  sled  weight  resulted  in  a  maxi¬ 
mum  velocity  of  1900  ft/sec,  considerably  lower 
than  the  expected  2800  ft/sec.  In  addition,  the 
single  axis  accelerometers  showed  that  lateral 
accelerations  in  excess  of  150  g's  and  vertical 
accelerations  in  excess  of  200  g’s  were  obtained. 
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figure  3-12.  Upirack  View  of  NAD C  SNOUT  Track 


Figure  3-13.  SNOUT  Sled  Showing  Method*  of  Attaching  Tort  Sped  mom.  Coon 
Porcelain  99%  Alumina  kadome  on  Right  I Head-On  View)  and  Corning  G/osi 
War*  Pyracetam  kadome  on  loll 


At  this  point  in  the  program,  there  was  consid¬ 
erable  uncertainty.  Because  of  the  relatively 
low  velocity,  it  wus  obvious  that  the  Hut  sample 
holder  would  not  be  in  the  free  stream  but  at 
some  point  aft  of  the  intersection  of  the  shock 
waves  from  the  adjacent  radomes.  Thus,  be¬ 
cause  the  shock  waves  from  adjacent  radomes 
interacted  before  the  sample  wedge,  a  true  test 
of  erosion  could  not  be  made.  More  importantly, 
there  wus  no  assurance  thut.  the  domes  could 
withstand  the  vibrational  loads.  Despite  these 
shortcomings,  it  must  bo  remembured  that  this 
was  only  the  second  time  that  a  sled  with  ra¬ 
domes  had  been  (lred  and  recovered  at  velocities 
in  excess  of  1900  ft/sec.  The  Sandia  Corpora¬ 
tion  was  conducting  a  similar  program  at  Hol¬ 
loman  Air  Force  Base  and  had  successfully 
retrieved  a  vehicle  only  one  month  previously. 
A  maximum  velocity  of  2000  ft/see  was  reached 
during  these  tests.  The  primary  reason  for  this 
series  of  tests  was  to  And  the  thickness  of  the 
refractory  dome  needed  to  withstand  catas¬ 
trophic  failure  caused  by  rain  impact  and 
erosion. 


A  meeting  was  held  at  NA1)C  with  prospec¬ 
tive  rudome  suppliers  to  determine  the  size, 
shape,  and  thickness  of  the  test  radomes.  Since 
the  test  items  were  being  donated  to  the  test 
program  by  the  various  manufacturers,  it  was 
highly  desirable  that  costs  be  minimized.  Be¬ 
cause  of  sled  weight,  and  aerodynamic  drag,  it 
wus  also  desirable  to  test  a  relatively  small  ob¬ 
ject.  It  was  agreed  that  each  test  item  would  be 
of  the  same  configuration  so  that  geometry 
would  not  be  a  variable.  A  survey  showed  that 
all  of  the  contributing  manufacturers  had  fab¬ 
ricated  Mauler  ogival  radomes,  which  were  18 
in.  X  fi  in.  Because  of  varying  grinding  and 
machining  preferences  of  the  manufacturers, 
it  wus  agreed  that  the  first  2  in,  of  the  radome 
would  be  finished  at  the  manufacturers’  dis¬ 
cretion. 

However,  no  one  could  guarantee  which  thick¬ 
ness  would  survive  the  test  environment.  After 
giving  much  consideration  to  the  structural  and 
electrical  properties  of  the  materials  of  interest, 
as  well  as  the  most  prominent  frequencies  of 
operation,  it  was  decided  to  use  u  0.0130-in.  wall 


Figure  3-/4.  Coors  Porcelain  99%  Alumina  (AD-991  Radome  with  t  ~  0.0 SO  In. 
on  Right  (Head-On  Vlewl  Survived  the  Environment.  Corning  Pyrocercim  with 
0.050  In.  and  Nylon  Tip  on  Left  Survived  the  Environment. 
(Maximum  Run  Velocity  =  Z960  ft/ied 


thickness.  In  addition  to  a  0.050-in,  radomo 
from  each  of  the  test  materials,  radomes  of 
equivalent  electrical  thickness  would  also  be  sub¬ 
mitted  for  evaluation.  The  rain  field  was  sot  up 
for  2-in. /hr  ruin  rate  centered  about  a  2-mm 
median  drop  size  (Reference  16) . 

Figures  3-18  through  3-22  present  the  condi¬ 
tions  and  results  for  this  series  of  tests. 

Depletion  of  funds  cancelled  some  of  the 
planned  runs,  but  the  assessment  of  the  duta 
obtained  was  encouraging,  The  most  important 
determination  was  that  the  0,050-in.  walls  of 
Pyroceram,  aluminum  oxide,  and  fiberglass  had 
survived  not  only  the  rain  environment  but  also 
the  tremendous  accelerations  that  were  experi¬ 
enced.  Photographs  reaffirmed  that  the  angle  of 
impingement  of  the  droplets  on  the  radome  sur¬ 
face  is  a  major  design  factor,  They  illustrated 
that  maximum  erosion  occurred  at  normal  inci¬ 
dence  and  fell  off  rapidly  as  the  angle  of  in¬ 
cidence  increased.  The  ever-appearing  value  of 


15°,  specified  in  the  design  of  erosion  protection 
for  manned  aircraft  radomes,  persisted  through¬ 
out  the  examination  of  the  test  specimens.  How¬ 
ever,  the  information  was  not  complete  in  that 
there  still  remained  a  neod  for  data  at  higher 
velocities,  During  the  project,  it  became  obvious 
that  erosion  information  at  velocities  in  excess 
of  Mach  3.0  was  necessary,  New  materials  and 
fabrication  techniques  were  being  developed 
that  also  would  have  to  be  subject  to  the.  ques¬ 
tion  of  erosion  resistance.  One  of  these,  slip-cast 
fused  silica,  was  becoming  popular  because  of 
bs  favorable  dielectric  properties,  thermal 
properties,  and  relatively  inexpensive  fabrica¬ 
tion. 

As  a  result,  NADC  initiated  a  second  pro¬ 
gram  with  BuWeps  for  testing  at  higher  veloci¬ 
ties.  However,  increasingly  severe  problems 
were  encountered.  Sled  velocity  was  increasing; 
therefore,  stopping  ihe  sled  within  the  same 
track  length  would  be  even  more  difficult,  The 
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costs  of  higher  impulse  rocket  motors,  as  well 
hu  a  new  bIou  design,  were  rising  rapiaiy.  The 
NADC  designed  and  fabricated  the  monorail  ve¬ 
hicle  to  be  used  for  this  second  test  series.  In 
order  to  facilitate  braking,  a  small  parachute 
was  housed  atop  the  vertical  stabilizer,  which 
also  contained  a  slot  antenna  for  telemetering 
purposes.  The  new  sled  was  fired  on  January  31, 
1963,  but  suffered  a  premature  chute  deploy¬ 
ment  that  resulted  in  violent  sled  vibrations  and 
subsequent  sled  breakup:  Rather  than  delay  the 
entire  program  until  a  complete  structural 
analysis  could  be  performed  and  the  second  sled 
completed,  the  NOTS  immediately  modified  the 
sled  used  for  the  earlier  runs.  Cajun  rocket  mo¬ 


tors  replaced  the  original  HPAG  motors  and  the 
wedge  assembly  was  removed  to  lessen  the  like¬ 
lihood  of  structural  failure.  On  March  6,  1963, 
this  vehicle  attained  a  peak  velocity  of  3030 
ft/sec  at  the  midpoint  in  the  rain  field  after 
a  0^|5-second  hold  back  of  the  sled.  Auxiliary 
stopping  of  the  sled  was  accomplished  by  plac¬ 
ing  water-filled  plastic  tubes  atop  the  track  head 
between  the  20,000-  and  21,500-ft  stations. 
Stainless  steel  domes  were  used  during  this 
checkout  firing,  The  first  live  firing  in  this  new 
series  commenced  on  March  22,  1963. 

Figures  3-23  through  3-46  present  the  con¬ 
ditions  and  results  of  these  ten  firings. 


Flgur t  3- IS.  Brunswick  Corp.  Fllamont  Wound  Radomt  with  Vlbiln  135  and 
I  =  0.100  in.  ILofll.  Ztnlth  Flaillci  Compression  Modtl  Dlallyl  1 28  with 
1  =  0.100  In.  (Right) 
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Figure  3-16.  Brunswick  Radome  I Left I  Is  Heavily  Eroded  Over  First  Inch  of  Tip 
Area,  with  Secondary  Erosion  Over  Next  two  Inches.  Zenith  Radome  I Right )  Ha* 
Minor  Erosion  on  Tip,  with  Negligible  Pitting  as  Far  Back  as  5'/i  in. 

I Maximum  Run  Velocity  —  !  90S  ft/secl 


Figure  3-17.  USNADC  Fiberglass  laminate  Radome  with  t  ~  0.250  In.  (Left). 
(JSNADC  Fiberglass  laminate  Radome  with  t  —  0.250  in.  and 
Spike  U /r  ~  3.41  (Right) 


216 


Figure  3-18.  USNADC  Radome  without  Spike  Is  Heavily  Eroded  Across  Face  of 
Dome.  USNADC  Radome  with  Spike  Is  Heavily  Eroded  Across  Face  of  Dome 
Except  for  Small  2 -In.  Diameter  Area  at  Base  of  Spike 


Figure  3-19.  Douglas  Aircraft  Ribbon  Wound  Radome  with  DC-7141  Silicone  and 
I  =  0.100  In.  (Left).  Brunswick  Carp.  Filament  Wound  Radome  with  Vibrin  135 

and  t  =  0.050  in.  Wight! 


\ 
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Figure  3-20.  Douglas  Radome  (Left)  Is  Lightly  Eroded  Over  First  0.5  in. 
Brunswick  Radome  (Right)  It  Heavily  Eroded  In  Tip  Area 


Figure  3-21.  Douglas  Aircraft  Ribbon  Wound  Radome  with  DC-7141  Silicon 
and  1 .5  in.  Stainless  Steel  Tip  (Left).  Zenith  Plastics  Compression  Molded 
Diallyl  728  with  t  -  0.100  In.  (Right) 


Figure  3- 22.  Douglas  Radome  (Left)  I*  Very  Lightly  Eroded  Ah  of  Tip,  and  Tip  It 
Lodsened.  Zenith  Radome  I Right I  Hat  Minor  Erotlon  on  Tip,  with  Negligible 
Pilling  at  Far  Back  at  5 ’/»  in. 


Figure  3-23i  Brunswick  Corp.  Chopped  Fibert  with 
DC -21 06  Silicone  Retin  Binder  Radome,  with  I  — 
0.375  in.,  and  Sprayed  Ceramic  Cap  0.015  in.  Thick 
Deposited  Over  First  3  in.  o I  Dome  (Left).  Corning 
Mull/formed  Fused  Silica  fCGlV #794)1  Radome 
with  I  0.3/5  in.  I Right ) 


Figure  3- 24.  Biuntwick  Radome  I Left I;  Synchro- 
Ballistic  Photos  Showed  Ceramic  Cap  Completely 
Eroded  During  First  Half  of  Rain  Field  and  Plastic 
Body  Heavily  Eroded  During  Second  Half  of  Rain 
Field.  Corning  Radome  IRightl;  Synchro-Ballistic 
Photos  Showed  Dome  Broke  Before  Ralnfleld  En¬ 
trance  Due  to  Poor  Attachment  Bonding.  I Maximum 
Sled  Velocity  ~  2775  ft /tec) 
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Figure  3-28.  KDI  Woven  Fiberglass  Sock  Radome 
with  Epoxy  Resin  and  I 0.050  in.  (Left).  Raytheon 
97%  Alumina  Ra dome  with  t  —  0.050  in.  (Right) 


Figure  3-30.  Corning  Pyraceram  (960X1  Radome 
with  t  —  0.090  in.  (Left).  Coo r*  99%  Alumina 
(AD-99)  Radome  with  t  —  0.090  In.  (Right) 


I 
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Figure  3-29.  ROI  Radome  (Left)  Survived  Environ¬ 
ment  But  Received  1-in.  Diameter  Hole  in  Nose. 
Ra-lhean  Rjdome  (Right);  Synchro-Ballistic  Photos 
Showed  Dome  Broke  Before  Midpoint  in  Rain  Field 
I Maximum  S leu  Velocity  2908  ft/sec) 


Figure  3-31.  Corning  Radome  (Left);  Synchro- 
Ballistic  Photos  Showed  Dome  Broke  Before  Rain 
Field.  Coon  Radome  on  Right  Survived  Rain  Field 
But  Broke  After  Middle  of  Rain  Field  ( Maximum 
Sled  Velocity  .—  2852  ft/sec) 


i 


i 


1 
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Figure  3-32.  Coort  Radomo  I Bottom )  Survived  Rain  Impact  Well  Beyond  Peak 
Velocity  But  Broke  In  Second  Half  of  Rain  Field 


Figure  3-33.  Convalr  Slip-Cart  Fu ted  Silica  Radome 
with  t  0.350  In.  and  Unglaitd  Round  Tip  on 
Lett.  Same  Radome  with  Glaied  Tip  I Right I 


r 

Figure  3-34.  Both  Redomes  Survived  Environment 
But  Showed  Heavy  Tip  Erosion  (Maximum  Sled 
Velocity  2950  It /sec) 


Figure  3-35.  Convair  Fused  Silica  Rad ome  with  Unglazed  Tip  After  Test 
Shows  Heavy  Tip  Erosion 


Figure  3-37.  Convair  Radome  (Left)  Broke  Between 
Figure  3-36.  Convair  Slip-Cast  Fused  Silica  Rad  ome  1975  and  3 175  Feet  of  Run.  Convair  Radome  iRIghtl 

with  I  0.350  in.  and  Unglazed  Pointed  Tip  (Leltl.  Survived  Environment  But  Showed  Heavy  Tip  Fro- 

S ame  Radome  with  Glazed  Tip  IRIghtl  slon  I Maximum  Sled  Velocity  =  2930  ft/sec) 
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Figure  3-38.  Coors  99%  Alumina  (AO-99)  Ratio  ms 
with  t  =  0.100  in.  (Left  Rear).  Pouglat  Ribbon 
Wound  Radome  with  Silicone  Ret  In  and  t  —  0.100 
in.  (Right  Front).  Special  1  '/i-in.  Long  Stainless  Steel 
Tip  Is  Bonded  to  Front  of  Douglas  Radome 


Figure  3-39.  Coors  Radome  (Left)  Survived  Environ¬ 
ment  with  No  Signs  of  Erosion.  Douglas  Radome 
(Right)  Showed  Heavy  Erosion  for  S  in.  Behind  Steel 
Tip  (Maximum  Sled  Velocity  =  2652  tf/sec) 


Figure  3-40.  Synchro-Ballistic  Photos  Showed  Rocket  Motor  Breaking 
Loose  From  Vehicle 
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Figure  3-41.  Co nvair  Slip-Cast  Fused  Silica  Rad ome 
with  t  :.r.  0.350  in.  (Leitl  Is  Rerun  of  Radome  Shown 
in  Figure  3-33  I Left )  with  Metal  Tip  Added.  Co  nvair 
Slip-Cast  Fused  Silica  Radome  with  I  —  0.350  In. 
and  Pointed  Shape  Glazed  Tip  (Rightl 


Figure  3-42,  Co  nvair  Radome  (Leftl  Survived  Envi¬ 
ronment  But  Showed  Minor  Erosion  Aft  of  Tip.  Co n- 
vair  Radome  I Rightl  Survived  Environment  But 
Showed  Slight  Erosion  On  Tip 


Figure  3-43.  Corning  Muliiformed  Fused  Silica 
Radome  with  )  0.350  in.  (Left).  Attachment  Area 

of  This  Radome  Is  Strengthened  with  Fiberglass 
Warp.  Co  nvair  Slip-C^d  Fused  Silica  Radome  with 
t  0.3 50  in.  (Rightl  Is  Rerun  of  Radome  Shown  in 

Figure  3-41  (Rightl 


Figure  3-44.  Corning  Radome  (left)  Broke  During 
First  Half  of  Rain  Field.  Co  nvair  Radome  I Right I 
Showed  Additional  Erosion  in  Tip  Area 


.  > :: 


Figure  3-45 .  USNADC  Fiberglass  Hemisphere  Pa- 
dome  with  t  0.250  in.  (Left).  Same  Radome  with 
Metallic  Spike  II  /r  :=  3.4 )  I  Right) 


Figure  3-46.  Both  Radomos  Survived  Environment 
but  Showed  Heavy  Erosion  Except  for  Small 
Annular  Ring  at  Base  of  Spike 


Figure  3-47.  Silicone-Impregnated  Radome  in  Shrike  Configuration  (Left).  Same 
Rodomo  with  Thicker  Skin  and  Different  Radius  of  Curvature  (Right) 


r 
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|  3-4.2  U.S.  NAVAL  ORDNANCE  TEST  STATION  RUNS 

{  During  the  conduct  of  the  1961  and  1963 

i  ixADC  rtun  eiuaiuu  lcblo,  it  ucCcuuc  apparent  to 

the  Shrike  personnel  at  NOTS  that  erosion  test¬ 
ing  would  be  necessary  for  their  thin-wall  ra- 
*  dome.  Increased  temperature  requirements  were 

necessitating  the  selection  of  refractory  mate¬ 
rials  in  lieu  of  the  plastics  originally  considered 
for  this  missile. 

In  mid-December  1962,  a  teat  was  conducted 
by  Alan  Remell  (NOTS)  on  two  silicone-im- 
-  pregnated  radomea  (Reference  17).  The  left 

radome  of  Fig.  8-47  is  the  Shrike  configuration. 
The  right  radome  was  fabricated  from  the  same 
material  but  was  0.060-in.  thick,  as  compared 
to  0.080  in.  on  the  Shrike  radome,  and  had  a 
16.00-in.  radius  of  curvature.  Figure  3-48  illus¬ 
trates  the  damage  encountered  by  these  rn- 
i  domes  while  passing  through  the  SNORT  rain 

1  field  with  a  peak  velocity  of  2666  ft/sec.  Exami¬ 

nation  of  the  synchro-ballistic  photos  revealed 
that  the  right  radome  failed  in  the  second  half 
,  of  the  rain  field.  It  was  concluded  that  failure 

>  was  caused  by  insufficient  strength  of  this  de¬ 

sign  and  not  erosion.  The  left  radome  experi¬ 
enced  most  of  its  erosion  over  the  first  3  in.  of 
the  tip  area.  It  should  be  noted  that  this  par¬ 
ticular  radome  had  a  solid  phenolic  tip. 

The  following  five  runs  -were  conducted  by 
this  same  group  between  September  and  No¬ 
vember  1963  on  radomes  of  the  Shrike  configu¬ 
ration  (see  Reference  18).  The  characteristics 
of  the  radomes  and  the  results  of  these  tests  are 
given  in  Table  3-3. 

! 

3-4.3  SANDIA  TESTS 

Concurrent  with  the  NADG  series  of  tests, 
the  Saridia  Corporation  was  also  conducting 
a  program  to  study  the  effects  of  rain  impinge¬ 
ment  at  supersonic  velocities  (Reference  19). 
The  purpose  of  these  tests  was  to  provide  quan¬ 
titative  data  that  could  correlate  erosion,  ve- 
i  locity,  and  time  for  three  radome  materials. 

As  mentioned  earlier-,  the  35,000-ft  track  at 
Holloman  Air  Force  Base,  with  its  associated 
6000-ft  artificial  rain  field,  was  used  to  conduct 
these  runs.  A  two-stage  monorail  sled  was  used 
to  sustain  a  desired  velocity  within  the  rain 
field.  These  tests  were  performed  at  nominal 
velocities  of  1100,  1600,  2000  and  2400  ft/ sec. 


Figure  3-40.  S hrlke  Configuration  Radome  fU ft) 
Survived  Environment  but  Showed  Heavy  Tip  Era- 
lion.  Radome  on  Right  Failed  in  Second  Half  of 
Rain  Field 

It  should  be  noted  that  the  standard  shape  re¬ 
ferred  to  throughout  this  series  of  tests  i3  a 
radome  with  a  6.6-in.  length,  a  7.6-in.  base 
diameter,  and  a  2.35-in.  radius  spherical  nose. 

Figure  3-49  is  a  composite  photo  taken  at 
1000-ft  intervals  during  run  No.  10.  The  display 
illustrates  the  erosion  experienced  by  an  epoxy 
fiberglass  material  contoured  to  a  standard 
shape,  and  subjected  to  a  rain  environment  at 
velocities  of  1860  and  2400  ft/sec  (see  Refer¬ 
ence  20) . 

Table  3-4  is  a  compilation  of  the  data  obtained 
during  the  period  of  October  1961  through 
March  1963. 

Figures  3-60  and  3-61  were  taken  after  com¬ 
pletion  of  the  runs  at  the  indicated  velocities. 
Both  the  initial  erosion  time  and  penetration 
time  are  taken  from  the  high-speed  photographs 
made  during  the  experiments.  These  data  are 
then  plotted  for  a  given  material  and  presented 
in  the  form  illustrated  in  Fig.  3-62. 

3-4.4  SUMMARY  OF  SLED  TESTS 

The  information  presented  in  the  previous 
paragraphs  indicates  that  plastic  and  thin- 
walled  ceramic  radomes  do  not  meet  the  typical 
rain  specification  at  velocities  of  2600  ft/ sec 
and  greater.  Where  the  weight  requirement  per¬ 
mits,  half-wave  ceramic  radomes  (through  the 
Ku  band)  will  survive  the  maximum  available 
sled  velocities.  The  failure  point  for  such  ra¬ 
domes  has  not  yet  been  reached  because  of  test 
velocity  limitations. 
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Silica,  which  because  of  its  lower  density  is 
usable  in  thicker  configurations,  has  proven  in¬ 
teresting  because  of  its  tendency  to  erode  rather 
than  fail  because  of  catastrophic  impact  (Ref¬ 
erence  21).  High-purity  alumina  has  demon¬ 
strated  the  greatest  resistance  to  impact  failure. 

As  expected,  all  data  have  verified  that  a 
pointed  shape  minimizes  the  effects  of  rain  im¬ 
pingement.  When  electrically  tolerable  and  eco¬ 
nomically  feasible,  a  pointed  radome  should  be 
selected  if  rain  erosion  is  a  design  consideration. 

Obviously,  the  rain  requirement  for  a  high- 
altitude  operational  vehicle  is  considerably  less 
than  that  of  an  air-to-ground  missile.  For  the 
most  part,  water  droplets  are  non-existent  at 
altitudes  greater  than  3600  ft.  A  study  made  at 
NADC  early  in  the  Eagle  Missile  Program  (air- 
to-air;  Mach  4.6;  typical  flight  profile  in  the 
GO,  00-  to  80,000-ft  altitude)  showed  that  the 


probability  of  encountering  the  specified  rain 
environment  in  many  of  the  fleet  theatres  of 
operation  was  typically  one  m  a  thousand.  Why 
then  should  the  entire  radome  design  be  penal¬ 
ized  in  view  of  such  a  low  probability?  Thus, 
it  is  of  the  utmost  importance  that  the  systems 
designers  state  realistically  the  rain  environ¬ 
ment  that  is  to  be  encountered  by  their  particu¬ 
lar  radome. 

It  would  be  ideal  to  provide  a  correlation  be¬ 
tween  erosion,  velocity,  time,  and  material 
properties.  Accumulation  of  rain  erosion  data 
is  extremely  expensive  and  somewhat  haphaz¬ 
ard.  To  date,  there  has  been  no  attempt  to  cor¬ 
relate  available  information.  Such  a  correlation 
would  greatly  enhance  the  possibility  of  replac¬ 
ing  sled  tests  with  a  less  expensive  and  more 
reliable  simulation  technique. 


TABLE  3-3  SUMMARY  OF  RADOME  RAIN  EROSION  EXPERIMENTS  AT 
NAVAL  ORDNANCE  TEST  STATION 


Run  No. 

Racism*  Material  and  Remark. 

Entrance 

Velocity 

(ft/iac) 

Exit 

Velocity 
(ft/ tee) 

i 

Sillcone-impregnuted  fiberglusH  (0.090  in.)  with  a  0  in.  long  cap  of  alumina 
(0.010  in.).  This  radome  survived  the  run  hut  received  a  hole  through  tho  tip. 
Silicone-impregnated  fiberglass  (0.090  in.)  with  a  phenolic  plug  in  the  nose 
(already  flown  for  5  min.  through  natural  rain  by  an  A4C  aircraft).  The 
radome  broke  prior  to  the  midpoint  in  the  ruin  field. 

2100 

2960 

2 

U-in.  long  Pyrocoram  radome  tapered  from  0.060  in.  in  the  frontal  area  to 
0.100  in.  at  tho  buse,  (The  tip  was  0.218  in.)  The  radome  broke  during  the  run. 
Two  layer  alumina  rudome.  Dense  outer  skin  of  0,026  in.  and  lightweight  inner 
layer  of  0.070  in.  (7  in.  long).  The  radome  broke  during  the  run. 

2200 

8000 

3 

Silieonc-impregnuted  fiberglass  (0.090  In.)  with  an  0.010-in.  ulumina  cap.  This 
rudome  failed  in  the  second  half  of  tho  rain  field. 

An  epoxy-impregnated  flbergluss  with  a  0-In.  cup  of  alumina,  which  tapers 
from  0.040  in.  in  the  tip  to  0.010  in.  The  radome  survived  with  the  ceramic 
tip  removed,  uml  some  erosion  of  substrate. 

2176 

3030 

4 

identical  to  first  radome  of  run  No.  2  except  that,  the  taper  is  0.082  in.  to  0.101) 
in.  This  rudome  broke  700  ft  after  the  rain  field.  Epoxy- impregnated  fiberglass 
with  a  6-in.  cap  of  aluminu,  which  tapers  from  0.020  in.  in  the  tip  to  0.010  in. 
Tho  rudome  survived  with  the  coating  removed,  und  some  erosion  of  substrate. 
(It  is  believed  that  failure  wuh  caused  by  u  mounting  ring  that  broke  looso  and 
wedged  itself  forward  in  the  dome  area.) 

2230 

2970 

6 

Two-layer  dome  of  alumina  with  a  dense  outer  skin  of  0.040  in.  and  a  lightweight 
inner  layer  of  0.040  in.  Thu  rudome  was  undamaged  and  there  wuu  no  evidence 
of  erosion. 

Two-layer  dome  of  alumina  with  u  dense  outer  akin  of  0.020  in.  and  a  lightweight 
inner  layer  of  0.110  In.  This  rudome  broke  just  prior  to  tho  ruin  field  exit, 

2280 

3000 

228 


/ 
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TABLE  3-4  SUMMARY  OF  RAOOME  RAIN  EROSION  EXPERIMENTS  BY  SANOIA  CORP. 


Run 

No. 

lost  No. 

Dal* 

Nominal 

Ifi/wcl 

ftadomt  Material  and  htmarki 

1 

RM86E 

Oct.  3,  1961 

2000 

Epoxy  fiberglass,  standard  shape,  checkout,  nw, 

2 

RM86E 

Oct.  26, 1961 

2000 

Sled  checkout  run. 

3 

RM63E 

Nov.  IS,  1961 

1100 

Neoprene-covered  epoxy  fiberglass,  standard  shape. 

4 

RM64E 

Nor.  16, 1961 

1100 

Epoxy  fiberglass,  standard  shape. 

S 

KM66E 

Nov.  16, 1961 

1600 

Epoxy  fiberglass,  standard  shape. 

0 

RM67E 

Nov.  16, 1961 

1600 

Epoxy  fiberglass,  standard  shape. 

7 

RM68E 

Nov.  17, 1961 

2000 

Neoprene-covered  epoxy  fiberglass,  standard  shape. 

8 

RM69E 

Nov.  17, 1961 

2000 

Epoxy  fiberglass,  standard  shape. 

9 

RM77E 

Nov.  29, 1961 

2800 

Classified  antenna  experiment. 

10 

RM78E 

Nov.  29, 1961 

2400 

Epoxy  fiberglass,  standard  shape. 

11 

RM89E 

Apr.  27, 1962 

2800 

Sled-vibration  damper  checkout. 

12 

KM90E 

May  11, 1962 

2000 

Phenolic  chopped  fiberglass,  defective  rocket. 

13 

RM87E 

May  18, 1962 

2400 

Phenolic  chopped  fiberglass,  sample  lost. 

14 

RM88E 

June  18, 1962 

2000 

Phenolic  chopped  fiberglass,  repeat  of  RM90E. 

IS 

RM70E 

June  29, 1962 

2000 

Ceramic,  standard  shape. 

16 

RM71E 

July  6, 1962 

2000 

Ceramic,  same  cone  as  RM70E. 

17 

PM72E 

July  20, 1962 

2000 

Ceramic,  same  cone  us  UM70E  and  BM’  IE. 

18 

RM79E 

July  27, 1962 

2400 

Ceramic,  standard  shnpo,  broken  in  1600  to  2000  ft. 

19 

RM91E 

Aug.  31, 1962 

2400 

Phenolic  chopped  fiberglass,  ceramic-tipped  ogive 

20 

RM92E 

Sept  14, 1962 

2409 

Ceramic,  standard  shape,  dry  run,  no  breakage. 

21 

RM93B 

Sept  28, 1902 

2400 

Ceramic,  standard  shape,  broke  at  1360  ft. 

22 

RM94E 

Oct  26, 1962 

2000 

Phenolic,  ceramic  capped,  standard  shape. 

23 

RM95E 

Dec.  14, 1962 

'  2000 

Phenolic  chopped  fiberglass  with  0.030-in.  neoprene  coating,  stand¬ 
ard  Hhape. 

24 

RM96E 

Jan.  18,1963 

2400 

Ceramic,  ogive  shape,  no  breakage. 

25 

RM97E 

Feb.  1, 1968 

2400 

Ceramic,  ogive  shape,  broke  after  lca-lng  rain  field. 

26 

RM98E 

Feb,  1, 1963 

2000 

Ccrcmic,  standard  shape,  broke  at  400  ft. 

27 

RM99E 

Mar.  1, 1963 

2200 

Ceramic,  ogive  shape,  defective  rocket  motor. 

28 

RM100E 

Mar.  29, 1963 

2200 

Ceramic,  ogive  shape,  no  breakage. 

29 

KM101E 

Mar.  29,  1963 

2200 

Cono-samplc  experiment. 
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3-5.2. 1  The  Hot  Flue 


aa  hot  gas,  hot  liquid  bath,  and  electrical  heat¬ 
ing,  which  represent  convective,  conductive,  and 
ittuiaLive  heat  transfer,  respectively.  Each 
method  has  its  own  advantages  and  disadvan¬ 
tages  in  providing  a  realistic  single-side  ther¬ 
mal  simulation  of  the  true  environment. 

These  methods  encompass  a  wide  range  of 
facility  and  item  tested  costs,  and  available  heat 
flux.  Certain  methods  may  provide  a  good  pro¬ 
totype  proof  test,  but  be  too  expensive  as  a 
quality  control  acceptance  test.  Other  methods 
can  be  programmed  to  give  a  true  simulation  of 
thermal  stress  distribution,  but  possibly  at  ma¬ 
terial  temperatures  somewhat  different  from 
that  of  the  true  flight  environment.  Selection  of 
a  test  method  must,  therefore,  be  made  only 
after  considering  the  reliability  required,  avail¬ 
ability  of  test  facilities,  and  the  time  and  money 
available  for  testing.  The  radome  material 
should  also  be  considered  to  determine  whether 
a  single  proof  testing  or  a  production  accep¬ 
tance  testing  of  every  radome  is  required. 

Paragraph  1-1.5  considers  the  analysis  of  the 
thermal  shock  environment  and  the  ideal  be¬ 
havior  of  the  radome  in  this  environment.  It 
would  be  highly  desirable  for  this  paragraph 
to  relate  thermal  shock  testing  directly  to  the 
analytical  work.  It  is  regrettable,  however,  that 
thermal  shock  testing  has  been  carried  out  al¬ 
most  universally  on  an  empirical  basis.  There¬ 
fore,  the  following  paragraphs  will  briefly  de¬ 
scribe  the  various  methods  in  current  use,  leav¬ 
ing  the  designer  to  choose  the  method  that  best 
satisfies  his  thermal,  mechanical,  size,  and  eco¬ 
nomic  requirements. 

At  present,  the  \ir  Force  is  sponsoring  a 
project  at  the  Georgia  Institute  of  Technology 
to  compile  a  Designer’s  Manual  of  Ceramic  Ma¬ 
terials.  It  will  correlate  existing  thermal  shock 
case  histories  with  predicted  behavior  according 
to  current  thermal  shock  theory.  The  project 
was  carried  out  under  Contract  No.  AF  38 
(615) -1308. 

3-5.2  CONVECTIVE  HEAT  TRANSFER 

Convection  is  the  primary  mechanism  of  heat 
transfer  provided  by  hot-gas  generators.  As 
a  class,  hot-gas  generators  are  the  most  widely 
used  thermal  shock  test  devices.  The  following 
types  of  hot-gas  generators  are  discussed  in  the 
order  of  increasing  heat  transfer  rates  that  are 
normally  provided  by  the  device. 


The  hot  flue  presents  the  least  severe  thermal 
shock  environment.  Although  the  temperatures 
available  may  easily  reach  3000' F,  the  relatively 
low  velocity  provides  for  low  heat  transfer 
rates.  This  method,  described  in  Reference  22, 
was  one  of  the  first  techniques  used  for  radomes 
because  of  its  simplicity  and  availability  in  the 
glass,  ceramic,  and  other  industries.  The  test 
.,em  is  exposed  to  the  exhaust  gases  of  a  flue  or 
chimney  at  a  point  in  the  system  where  tem¬ 
peratures  can  be  measured  and  the  exposure 
time  generally  is  determined  by  a  total  heat  flux 
or  by  the  peak  temperature  and  time  experi¬ 
enced  by  the  nose  of  the  body.  It  is  difficult  to 
achieve  an  approximate  distribution  of  heat  rise 
with  time  or  flux  distribution  along  the  body 
surface.  The  method  must  be  considered  as 
crude  when  compared  with  more  sophisticated 
but  expensive  methods. 
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3-5. 2.2  The  Supersonic  Wind  Tunnel 

Many  radomes  have  been  tested  in  large  test 

nct-tiviii  nUpciouiuC  tUiiiiCio  ViiiCn  tiO  uiCth- 

ods  were  available.  Tunnels  suitable  for  this 
type  of  testing  usually  require  large  test  sec¬ 
tions  to  test  full-scale,  continuous-operation, 
and  fairly  high  test  section  pressures.  Unlike 
most  other  methods,  it  produces  true  boundary 
layer  conditions  and  dynamic  pressures,  along 
with  heating. 

In  simulating  a  given  flight  temperature  pro¬ 
file,  certain  factors  should  be  recognized  about 
wind  tunnel  testing.  The  model  usually  starts 
from  room  temperature  in  a  closed  test  section. 
When  the  bypass  valve  to  the  test  section  is 
opened,  a  normal  shock  front  passes  rapidly 
through  the  throat,  past  the  model,  and  down¬ 
stream  into  the  diffuser  section,  This  induces, 
essentially,  a  step  rise  from  zero  velocity  to  the 
design  Mach  number  of  the  nozzle  blocks  being 
used.  This  results  it’  an  attendant  step  rise  to 
a  high  heat  flux.  If  the  back  face  or  inside  sur¬ 
face  of  the  test  radome  is  at  room  temperature 
at  starting  time,  the  wall  temperature  differ¬ 
ence  and,  therefore,  thermal  stress  may  exceed 
flight  conditions.  For  some  simulations,  this  con¬ 
dition  may  be  partly  alleviated  with  pro¬ 
grammed  internal  heating.  For  certain  types 
of  trajectories,  the  radome  wall  will  experience 
a  brief  period  during  which  the  true  thermal 
stress  will  be  experienced  before  reaching  equi¬ 
librium. 

There  is  a  very  limited  number  of  tunnel 
facilities  where  this  type  of  testing  would  be 
permitted  for  brittle  material  radomes.  Unless 
the  facility  has  special  provisions  for  capturing 
broken  particles,  severe  damage  may  result  in 
the  diffuser  section,  turning  \anes,  or  in  the  low- 
velocity  return  section. 

3-5.2.S  The  Hot-Gas  Wind  Tunnel 

Several  facilities  incorporate  hot  gases  in 
wind  tunnels,  These  hot  gases  may  be  the  prod¬ 
ucts  of  combustion  from  a  burner,  air  heated 
through  some  type  of  heat  exchanger,  or  a  com¬ 
bination  of  both.  One  such  wind  tunnel  using 
combustion  products  was  used  to  simulate  aero¬ 
dynamic  heating  on  alumina  radomes  (Refer¬ 
ence  23).  Several  such  tunnels  are  available  at 
OAL,  Daingerfield,  Texas  (Reference  24). 


3-5. 2. 4  Jet  Engine  Exhaust 

Many  manufacturers  and  government  agen- 

l.....  j..  .. : .. — ~ r*. 
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gines  mounted  on  static  test  stands.  Exhaust 
gas  distribution  characteristics  are  usually  well 
established.  These  include  velocity,  tempera¬ 
ture,  and  pressure  surveys  at  incremental  dis¬ 
tances  from  the  nozzle  centerline  for  a  series  of 
stations  behind  the  nozzle  base  and  for  a  fixed 
engine  speed.  Afterburners  are  used  to  increase 
the  range  of  temperatures  and  velocities  obtain¬ 
able  with  such  engines. 

In  studying  such  a  distribution,  the  radome 
tester  may  find  an  engine  power  setting  and  dis¬ 
tance  from  the  jet  that  approaches  the  missile 
flight  environment  needed.  If  the  test  model  is 
on  a  movable  mount,  such  that  the  stution  is 
varied  with  time,  this  method  is  quite  flexible. 
Engine  >speed  variation  with  time,  combined 
with  location  change  with  time,  will  extend  the 
potential  ever,  further.  Ramjet  engines  are  also 
used  for  testing  when  higher  temperatures  and 
heat  fluxes  are  required. 

Jet  engine  exhausts  typically  attain  tempera¬ 
tures  in  the  1000°F  to  3000°F  range  over  a  wide 
range  of  distances  from  the  axis  and  aft  of  the 
nozzle.  One  difficulty  with  turbojet  engines  is 
the  swirling  action  produced  by  the  turbine. 
This  should  be  considered  when  designing  the 
test  fix  turd  for  holding  thjj  .radome. 

3-5.2. 5  Oxypropane  Burners 

With  one  or  a  number  of  propane  burners, 
it  is  possible  to  provide  a  wide  range  of  heat 
fluxes  from  low  values  (10  Btu/ft--sec)  up  to 
those  expected  for  orbital  reentry  (100-200 
Btu/ft--sec) .  Thus,  it  is  possible  to  test  small 
specimens  or  large  models  using  this  system. 
The  X-20  nose  cap  model  was  reported  as  sue- 
cessfully  tested  using  multiple  propane  burners 
(Reference  25).  The  reentry  trajectory  was 
simulated  by  programming  the  distance  from 
the  model  to  the  burners  to  provide  the  desired 
heat  flux-time  relationship.  This  facility  used 
30  oxypropane  torches  to  provide  the  desired 
heat  flux. 

3-5. 2.6  Oxyacetylene  Burners 

One  of  the  most  commonly  used  test  setups 
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uses  single  or  multiple  arrangements  of  a  con 
ventional  welding  torch.  This  equipment  is  gen¬ 
erally  available,  is  well  understood,  and  can 
ulways  be  used  when  the  more  elaborate  tech¬ 
niques  are  not  available. 

This  method  can  produce  a  heat  flux  from 
100  to  1000  Btu/ft2-sec,  depending  upon  nozzle 
spacing,  distance  to  the  specimen,  and  gas  pres¬ 
sures  used  in  the  burners.  As  done  with  the  pro¬ 
pane  burner,  the  test  specimen  may  be  moved  in 
and  out  of  the  flame  or  gas  pl  easures  may  be 
programmed  to  extend  simulation  versatility. 
These  burners  are  particularly  useful  when 
temperatures  from  4000°F  to  5000°F  are  re¬ 
quired  (Reference  26). 

3-5.2.7  Oxyhydrogen  Burners 

The  oxyhydrogen  burner,  as  the  oxyacetylene 
burner,  has  recently  become  a  very  useful  tool 
for  nose  cone  testing.  Heat  fluxes  in  excess  of 
800  Btu/ft“-sec  are  easily  achieved.  This  stag¬ 
nation  heating  rate  is  comparable  to  approxi¬ 
mately  6000  ft/sec  at  sea  level  or  about  10,000 
ft/sec  at  a  100,000-ft  altitude.  The  respective 
equilibrium  stagnation  temperatures  would  be 
2600°F  and  4000°F.  This  type  of  facility  has 
proven  adequate  for  meeting  the  requirements 
of  most  current  reentry  testing.  Reentry  simu¬ 
lation  for  the  Apollo  radome  was  carried  out 


w'ith  such  a  system,  as  noted  in  Reference  27. 

Water-cooled.  multiDle-flame  burner  units  are 
available  and  may  be  arranged  to  surround  any 
body  shape.  The  simplest  arrangement  uses  one, 
four,  or  possibly  nine  units  surrounding  the 
stagnation  region  of  the  test  body.  A  water- 
cooled  shroud  can  be  built  around  the  body  and 
shaped  to  control  the  flame  or  longitudinal  flux 
distribution.  The  test  radome  may  also  be 
mounted  off  the  shroud,  cam  driven  into  the 
shroud  at  a  planned  rate,  and  withdrawn  to 
closely  simulate  a  trajectory  profile.  Very-thin- 
wall  shells  of  the  same  configuration  and  made 
from  a  high-temperature,  high-thermal-conduc¬ 
tivity  material  may  be  used  as  calibration  mod¬ 
els.  The  calibration  model  requires  the  installa¬ 
tion  of  high-response  high-temperature  thermo¬ 
couples  on  the  inner  surface  of  the  thin  shell 
model.  With  control  of  the  shroud  shape,  model 
insertion  rate,  and  burner  pressure,  a  close  ap¬ 
proximation  to  the  true  thermal  distribution  is 
effected. 

An  elaborate  oxyhydrogen  furnace  compris¬ 
ing  some  600  burner  units  has  been  constructed 
by  the  Lockheed  Missiles  and  Space  Company 
for  the  Navy.  This  furnace,  shown  in  Fig.  3-53, 
can  test  models  up  to  2  ft  in  diameter  and  3  ft 
in  length.  It  represents  a  very  large  initial  cost, 
high  operating  costs,  and  could  be  hazardous  in 
its  operation.  In  operation,  a  remote  control 


Figure  3-53.  600-Burner  Oxyhydrogen  Thermal  Test  Facility 
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Figure  3-54.  Water-Cooled  Oxyhydrogen  Burners  In  Thermo  I  Test  Facility 
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television  monitoring  system  is  used.  Figure 
3-51  shows  a  group  of  the  water-eooleri  burner 
units  with  provision  for  adjustment  of  spacing 
between  the  test  body  surface  and  the  burnc-i 
faces.  Figure  3-55  shows  the  furnace  ir.  opera¬ 
tion. 


measuring  ablation  rates  of  ceramic  materials 
( Reference  2!)).  A  similar  motor  is  used  at  NOL, 
Silver  Spring,  Maryland,  for  studying  the  abla¬ 
tion  of  organic  materials. 

3-5. 2. 9  Plasma  Jets 


3-5. 2. 8  Rocket  Motor  Exhausts 

Rocket  motor  exhausts  do  not  necessarily  pro¬ 
vide  higher  heat  transfer  rates  than  the  three 
chemical  burners  just  discussed,  but  they  do 
provide  the  highest  degree  of  mechanical  shear 
and  vibration  of  any  burner  system  in  use.  Also, 
because  of  their  availability  from  missile  and 
space  propulsion  systems,  they  may  be  used  to 
simulate  reentry  thermal  shock  on  large  shapes. 
An  18,000-lb  thrust  rocket  motor  was  used  in 
such  a  program  at  Huntsville,  Alabama  (Refer¬ 
ence  28) .  A  small  oxyhydrogen  rocket  motor  has 
been  used  for  several  years  at  Georgia  Tech  for 


During  the  past  few  years,  plasma  jets  have 
come  into  w'de  use  for  screening  reentry  mate¬ 
rials.  Heat  fluxes  of  the  order  of  1000  to  2000 
Btu/ft2-sec  are  easily  obtainable.  However,  the 
high  costs  associated  with  these  devices  have 
limited  the  average  laboratory  to  small  units. 
The  average  unit  usually  ranges  from  50  to  a 
few  hundred  kilowatts.  This  limits  the  general 
use  of  plasma  jets  to  the  evaluation  of  test  speci¬ 
mens  of  the  order  of  0,5  to  1  in.  in  diameter. 

The  plasma  jet  offers  several  advantages  over 
the  other  systems  discussed  in  the  previous 
paragraphs.  The  hot-gas  products  may  be  tai¬ 
lored  to  simulate  the  composition  as  well  as  the 


Figure  3-5 5.  iJxyhydrogen  Thermal  Teit  Facility  In  Operation 
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temperature  of  the  environment  anticipated 
from  aerodynamic  heating  over  a  rather  wide 
range  of  altitudes  and  velocities  Plo«m«  jets 
may  also  be  incorporated  into  low-pressure  tun¬ 
nels  to  obtain  supersonic  flow.  These  attractive 
features  have  encouraged  a  few  companies  to 
build  relatively  large  plasma  jet  wind  tunnel 
facilities.  These  facilities  range  from  one  to 
several  megawatts  in  power  consumption.  Avco, 
CTL  Division  of  Studebaker,  Plasmadyne  Divi¬ 
sion  of  Gianini  Scientific  Corporation,  and 
Thermal  Dynamics  are  some  of  the  companies 
that  have  large-scale  plasma  jet  facilities  for 
use  and/or  sale, 

3-5.3  CONDUCTIVE  HEAT  TRANSFER 

Hot  molten  baths  are  used  when  very  high 
heat  transfer  rates  are  desired  at  relatively  low 
temperatures.  The  primary  method  of  heat 
transfer  provided  by  such  baths  is  conduction. 
Two  general  type  ,  of  baths  are  used  for  ceramic 
radomes:  the  hot  salt  bath  and  the  hot  metal 
bath. 

3*5.3. 1  The  Hot  Salt  Bath* 

This  method  has  been  used  extensively  for 
production  acceptance  testing  of  ceramic  ra¬ 
domes.  Both  the  initial  cost  and  unit  testing 
price  are  relatively  low.  Any  high  boiling  point 
salt  solution  may  be  used  that  is  not  injurious 
to  the  bath  hardware  or  the  material  being 
tested.  For  example,  fused  silica  should  not  be 
tested  in  a  hot  salt  bath,  since  the  molten  salt 
will  react  with  silica  and  promote  devitrifica¬ 
tion.  Hot  salt  baths  may  be  operated  with  the 
fluid  at  1000°F  or  higher. 

A  typical  salt  bath  consists  of  a  large  tank, 
generally  of  staipless  steel,  immersion  heaters, 
a  circulator  pump,  and  some  mechanical  or  hy¬ 
draulic  external  system  that  holds  the  test  body 
and  plunges  it  into  the  bath  at  a  given  velocity. 
A  more  realistic  simulation  of  heat  distribution 
over  the  body  is  accomplished  if  the  radome  is 
plunged  into  an  open-ertded  shroud  ring  having 
a  pump  impeller  mounted  at  the  entrance.  The 
shroud  expansion  can  be  adjusted  to  suit  the 


*  Sec  Paragraph  1-4.3. 


radome  shape  and  the  pump  speed  can  be  varied 
to  control  the  heat  transfer  to  the  body. 

Thin  '.vs!!  stainless  steel  iuuuels  ar  e  generally 
thermocoupled  on  the  inner  surface  and  im¬ 
mersed  with  varying  entry  speeds,  pump  mass 
flow,  bath  temperature,  and  shroud  shape  until 
th<!  proper  operating  conditions  are  determined 
for  the  best  simulation  of  thermal  stress  with 
time  and  body  station. 

3-5. 3.2  The  Molten  Metol  Bath 

Liquid  motals  can  be  used  and  operated  like 
the  hot  salt  bath.  Babbitt  has  been  most  com¬ 
monly  used.  Molten  *ron  has  been  used  to  ther¬ 
mal-shock  fused  silica.  Other  metals  may  be 
used,  but  the  complexity  of  the  system  increases 
with  the  melting  point  of  the  metal,  particularly 
above  2000°F. 

3-5.4  RADIATIVE  HEAT  TRANSFER 

Since  the  development  of  quartz  lamps,  par¬ 
ticularly  those  with  filaments  capable  of  power 
as  high  as  500  watts/in.,  quartz  lamp  heating 
has  become  a  very  useful  test  method.  It  can 
produce  precision  heating  rates  for'programmed 
heating  cycles  with  its  rapid  energy  output  and 
high  radiant  efficiency.  Figure  3-66  shows  a 
radome  covered  with  poster  paint  black  in  place 
and  ready  for  thermal,  shock  testing  with  a 
qua  tz  lamp  clamshell  heater  at  General  Dynam¬ 
ic  v  Pomona.  (See  Paragraph  S-6.7.3.) 

Tungsten  filaments  in  an  argon  atmosphere 
are  enclosed  by  small-diameter  quartz  tubing. 
At  rated  voltage,  the  4000°F  tungsten  filaments 
act  as  infrared  emitters,  which  reach  90%  of 
their  operating  temperature  within  3  or  4  sec. 
Their  radiant  efficiency  is  rated  at  88%  and 
they  can  operate  in  any  type  of  atmosphere. 

These  lamps  are  available  in  standard  straight 
lengths  ranging  from  5  to  26  in.  or  may  be  pur¬ 
chased  in  other  shapes  on  special  order.  Stand¬ 
ard  ratings  are  100,  200  and  360  watts/in.  at 
240  voIt3.  They  may  be  operated  at  480  volts 
with  reduced  life  and  almost  double  the  radiated 
power. 

Reflectors  are  generally  used  and  are  com¬ 
mercially  available,  although  special  reflectors 
are  often  designed  to  best  suit  a  given  test 
shape.  Good  reflectors  reradiate  some  70%  of 
the  incident  energy,  but  require  either  air  or 
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Figure  3-56  General  Dynamict/Pomona  Infrared  High-Temperature  Tetl  Facility 

water  cooling  when  operated  longer  than  a  few  the  cost  of  a  1000-kva  installation  might  exceed 
seconds.  $100,000. 

I  When  the  lamps  are  operated  at  overload  One  of  the  attractive  features'  of  radiant  heat- 

voltage  with  an  efficient  reflector  system,  a  heat  ing  with  quartz  lumps  is  the  absence  of  hot 

t  flux  of  200  Btu/ft2-sec  is  attainable.  This  is  suf-  gases.  Therefore,  they  provide  the  cleanest  form 

;  ficient  for  most  interceptor  missile  types,  all  of  heat,  both  chemically  and  electrically.  Also, 

sustained  flight  vehicles,  and  some  reentry  cases,  as  pointed  out,  they  can  be  operated  in  almost 

;  To  test  large  radomes,  the  required  electrical  any  environment.  Raytheon  and  General  Dy- 

power  becomes  a  significant  factor.  At  overload  namics/Pomona  are  among  the  radome  users 

i  rating,  the  360-watts/in.  lamp  requires  0.75  who  have  carried  out  boresight  measurements 

i  kw/'in.2  if  the  tubes  are  spaced  1  in.  apart,  or  on  radomes  heated  in  this  manner.  Figure  3-57 

about  1.0  kw/in.2  for  the  same  spacing  and  70%  shows  a  test  setup  at  the  General  Dynamics/ 

:  reflector  efficiency.  An  available  1000  kva  con-  Pomona  boresight  range,  using  the  quartz  lamp 

i  tinuous  power  should  be  capable  of  heating  6  ft2  clamshell  heater  to  determine  boresight  shift  as 

i  of  surface  area  at  200  Btu/ft2-sec.  a  function  of  radome  heating.  Since  it  was  not 

t  Automatic  control  of  power  to  the  lamps  for  possible  to  get  measurements  with  the  heater  in 

i  temperature-time-station  simulation  requires  a  place,  the  Pyroceram  radome  was  boresighted 

f  host  of  transformers,  reactors,  switch  gears,  cold;  the  heaters  were  then  swung  in  place  to 

programmers,  and  controllers.  When  combined  heat  the  radome  to  a  given  temperature.  After 

with  the  necessary  data-recording  equipment,  heating  the  radome,  the  clamshell  was  swung 


237 


Figure  3-57.  High  Temperature  Bo  resight  Test  Setup  at 
General  Dynamlet/Pomona 


away  and  boresight  was  recorded  as  a  function 
of  time  and  change  in  temperature.  The  bore- 
sight  shift  was  very  small.  Reference  30  reports 
the  use  of  quartz  lamps  to  heat  dielectric  panels 
while  their  electrical  characteristics  were  being 
measured  (Paragraph  5-5.1). 

Quartz  lamps  have  also  been  used  to  evaluate 
the  combined  structural-thermal  performance 
of  radomes.  Figure  3-58  shows  such  a  test  setup 
at  General  Dynamics/Pomona.  This  setup  can 
be  used  to  simulate  flight  temperature  gradients 
while  the  radome  is  mechanically  stressed  to 
simulate  aerodynamic  and  maneuvering  loads. 
In  this  test,  considerable  preparation  was  neces¬ 
sary  to  program  the  power  as  a  function  of  time 
to  produce  the  desired  gradients  in  temperature 
in  both  the  radome  and  mounting  ring. 

3-5.5  EVALUATING  THERMAL  SHOCK  TEST  DATA 

The  value  of  any  thermal  shock  test  data  is 
dependent  on  the  degree  with  which  numerous 
environmental,  material,  and  test  conditions  are 
known  and  controlled,  The  more  important  ones 
are 

1.  Environmental  test  conditions 

a.  Gas  velocity 


b.  Gas  enthalpy 

c.  Gas  composition 

d.  Gas  temperature 

e.  Mass  flow  rate 

2.  Test  specimen  conditions 

a.  Configuration 

b.  Size 

c.  Thickness 

d.  Homogeneity 

e.  Surface  condition  (scratches,  (laws, 
etc.) 

f.  Stress  condition  (residual  stresses, 
stresses  in  attachment  area,  etc,) 

g.  Physical  and  mechanical  properties 

h.  Thermal  properties  (thermal  diffusiv- 
ity,  emittance,  etc.) 

3.  Reproducibility  of  test  conditions  from 
run  to  run 

4.  Reproducibility  between  test  specimens 
supplied  by  one  manufacturer  and  be¬ 
tween  specimens  supplied  by  different 
manufacturers 

5.  Method  of  attaching  test  specimen  to 
holding  device 

6.  Instrumentation 

There  are  no  thermal  shock  test  data  available 


figure  3-58.  High  Temperature  Structural  Test 
Setup  a*  G e  ieral  Dynamics/Pomona 


for  which  all  of  the  above  conditions  are  ade¬ 
quately  known,  controlled,  and  reported,  How¬ 
ever,  even  if  all  the  conditions  were  met,  there 
is  the  overriding  fact  that  data  describing  the 
actual  flight  environment,  under  hypersonic  con¬ 
ditions  are  not  known  precisely.  Also,  the  inter¬ 
actions  between  the  hypersonic  flight  environ¬ 
ment  and  ceramic  materials  of  interest  to  the 
radome  designer  are  not  rigorously  defined. 

Flight  data  for  ceramic  mater' als  under  these 
conditions  are  essentially  nonexistent.  This  is 
due  in  part  to  the  lack  of  telemetered  data  dur¬ 
ing  reentry  or  other  hypersonic  flight  trajec¬ 
tories  and  to  the  lack  of  electromagnetic  window 
materials  to  allow  obtaining  these  data.  Thus, 


the  development  of  radonies  capable  of  per¬ 
forming  under  these  conditions  will  not  only 
satisfy  the  requirement  for  future  hypersonic 
missile  systems,  hut  will  nlan  allnw  the  attain 
ment  of  critically  needed  flight  environment 
data  so  necessary  to  the  optimum  development 
of  such  missiles. 

As  pointed  out,  the  methods  for  thermal  shock 
testing  are  many  and  varied;  not  only  in  the 
primary  methods  of  heat  transfer,  but  also 
varied  in  the  degree  of  thermal  shock  provided. 
Therefore,  before  thermal  shock  test  results  are 
presented,  the  designer  should  be  cautioned  as 
to  the  interpretation  and  use  of  such  data. 

It  is  not  always  appreciated  that  the  thermal 
shock  resistance  of  a  material  is  dependent  not 
only  upon  the  physical  and  mechanical  prop¬ 
erties  of  the  material,  but  also  upon  the  severity 
of  the  thermal  shock  environment.  The  severity 
of  the  environment  is  not  a  function  of  the  tem¬ 
perature,  but  rather  the  heat  transfer  rate  to 
the  material.  This  relationship  can  be  illustrated 
by  considering  air  and  water  at  200°F.  Obvi¬ 
ously,  the  heat  transfer  rate  is  much  higher  in 
the  water  than  in  the  air.  This  difference  would 
be  evident  by  placing  an  ice  cube  into  each  en¬ 
vironment,  Although  each  environment  i3  at  the 
same  temperature,  the  heat  transfer  rate  is 
different. 

In  Paragraphs  1-1.6.6  and  6-3.4,  it  is  pointed 
out  that  the  thermal  shock  resistance  of  a  ma¬ 
terial  depends  as  much  upon  the  properties  of 
the  particular  thermal  shock  environment  as 
upon  the  properties  of  the  material.  In  Fig.  1-22, 
the  predicted  thermal  shock  resistance  of  nine 
possible  radome  materials  are  plotted  as  a 
function  of  the  thermal  shock  environment.  All 
nine  materials  change  in  their  order  of  merit 
as  the  environment  changes.  For  example,  beryl- 
lia  should  be  the  best  material  under  low  heat 
transfer  rates,  but  it  is  rated  as  eighth  at  the 
high  heat  transfer  rates  predicted  to  be  asso¬ 
ciated  with  hypersonic  flight.  According  to  these 
data,  aluminu  should  be  more  thermal  shock  re¬ 
sistant  than  Pyroceram  at  low  heat  transfer 
rates.  The  reverse  should  be  true  at  high  heat 
transfer  rates.  At  the  highest  heat  transfer 
rates  shown,  slip-cast  fused  silica  should  be  an 
order  of  magnitude  better  than  the  next  best 
material,  Pyroceram. 
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3-5.6  CHOICE  OF  THERMAL  SHOCK 
TEST  FACILITIES 

Since  the  exact  thermal  shock  environment 
cannot  be  simulated  with  any  of  the  facilities 
described,  the  value  of  thermal  shock  testing 
might  be  questioned.  However,  there  are  useful 
purposes  for  which  such  testing  is  usually  car¬ 
ried  out,  such  as : 

1.  Screening  new  materials  and  new  fabri¬ 
cation  techniques 

2.  Evaluating  a  particular  radome  shape  or 
system  in  simulated  hypersonic  environ¬ 
ment 

3.  Obtaining  data  on  thermal  response  for 
production  radomes 

4.  Quality  control  or  proof  testing 

The  following  presentation  of  typical  thermal 
shock  test  data,  obtained  for  each  of  the  pur¬ 
poses  described,  will  help  in  assessing  the  value 
of  such  data. 


3-5.7  RESULTS  OF  SELECTED  THERMAL 
SHOCK  TESTS 
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3-5.7.1  Screening  Teitc 

Small,  laboratory-size  gaseous  and  plasma  jet 
torches  are  the  most  frequently  used  test  de¬ 
vices  for  screening  possible  radome  materials 
for  thermal  shock  resistance. 

The  value  of  screening  tests  to  the  materials 
engineer  has  been  the  subject  of  discussion  and 
study  by  the  Refractory  Composites  Working 
Group  (Reference  3t ) .  The  Working  Group  was 
set  up  to  recommend  standard  test  conditions 
using  an  arc  plasma  jet  that  might  be  repro¬ 
duced  between  various  facilities  using  standard 
reference  materials  for  calibration  purposes. 
Three  heat  flux  levels  were  set  up  to  represent 
mild,  moderate,  and  severe  thermal  shock  en¬ 
vironments.  Nominal  cold-wall  heat  flux  levels 
were  100,  300,  and  500  Btu/ftz-sec.  A  standard 
specimen  dimension  of  2  in.  x  2  in.  x  0.5  in. 
was  selected.  However,  the  only  ceramic  radome 
material  evaluated  in  this  facility  was  slip-cast 
fused  silica,  which  was  selected  as  one  of  the 
standard  materials  to  represent  a  monolithic, 
insulating,  high-temperature,  oxidation-resist¬ 
ant  material.  Figure  3-69  shows  the  type  of  data 
obtained  from  this  facility  at  the  University  of 


Figure  3-59.  Temperalure-Time  History  of  Fused 
Silica  Exposed  to  300  Btu/sq  tl-sec  Heat  Flux 
Environment 

Dayton  (Reference  32) .  It  should  be  noted  that 
the  cold-wall  heat  flux  for  all  three  data  curves 
was  the  same  (300  Btu/ft“-sec).  The  difference 
in  backside  temperature  is  due  to  different 
frontside  temperatures,  as  shown  in  Table  3-5. 
Similar  data  for  109-  and  5Gi-Btu/ft--aec  cold- 
wall  heat  flux  are  presented  in  Table  3-6. 

A  small  oxy hydrogen  rocket  motor  has  been 
used  at  Georgia  Tech  for  screening  materials 
for  radome,  nose  cone,  and  rocket  nozzle  appli¬ 
cations.  A  typical  setup  for  evaluating  materials 
in  the  exhaust  of  this  motor  is  shown  in  Fig. 
3-60.  The  impingement  angle  of  the  exhaust  on 
the  sample  can  be  varied  from  45°  to  !)0U.  The 
sample-to-motor  distance  can  be  varied  from 
6  to  20  in.  The  cold-wall  heat  flux  is  shown  as 
a  function  of  distance  from  the  nozzle  for  im¬ 
pingement  angles  of  45°  and  90°  in  Fig,  3-61. 
The  operational  parameters  for  this  motor  are 
shown  in  Table  3-7. 

To  compare  the  thermal  response  of  slip-cast 
fused  silica,  Pyroceram,  and  alumina,  0.25-in. 
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TABLE  3-5  TEST  CONDITIONS  AND  RESULTS  FOR  FUSED-SILICA  SPECIMENS 
EXPOSED  TO  AN  ARC  PLASMA  J|fT  EFFLUENT 


Heat,  flux,  Btu/fta-sec 

300 

300 

300 

Gaa  enthalpy,  Btu/lb 

2340 

2080 

4000 

Gaa  velocity,  ft/sec 

1030 

750 

730 

Stagnation  pressure,  in.  H»0 

18.5 

0.488 

6.0 

Gaa  temperature,  *F 

5670 

6400 

7800 

Test  duration,  sec. 

120 

40 

120 

Depth  of  erosion,  in. 

Nil 

0.0100 

Nil 

Final  Back  Face  Temperature,  *F 

1050 

160 

920 

Final  Front  Face  Temperature,  ’F 

3120 

2790 

3600 

Remarks 

Mass  Flow  = 

0.0082  lb/sec. 

Maas  Flow  = 
0.0082  lb/sec. 

Mass  Flow  = 
0.0037  lb/sec. 

TABLE  3-6  TEST  CONDITIONS  AND  RESULTS  FOR 
EXPOSED  TO  AN  ARC  PLASMA  JET 

FUSED-SILICA 

EFFLUENT 

SPECIMENS 

Heat  flux,  Btu/ftX-sec 

109 

504 

Gas  enthalpy,  Btu/lb 

680 

8750 

Gaa  velocity,  ft/aec 

600 

1870 

Stagnation  pressure,  in.  HiO 

24.1 

Gaa  temperature,  *F 

3150 

7200 

Test  duration,  sec 

360 

72 

Depth  of  eroaion,  in. 

0.003 

0.029 

Final  Back  Face  Temperature,  °F 

Final  Front  Face  Temperature,  *F 

380 

310 

Remarks 

Very  little  effects  were 
observed,  except  discol¬ 
oration  of  the  surface. 

Volume  of  specimen  increased 
slightly  after  test.  Evidence  of 
a  clear  glassy  phase  on  sur¬ 
face.  Max.  surface  temp.  > 
3200*F  (optical  pyro.). 

thick  plates  of  all  three  materials  were  exposed 
to  the  exhaust  of  the  oxy hydrogen  rocket  motor 
at  a  distance  of  14  in.  from  the  exit  plane  (Ref¬ 
erence  33).  This  distance  was  selected  because 
it  was  the  closest  distance  at  which  Pyroceram 
and  alumina  could  survive  t  e  thermal  shock. 
The  frontside  temperature,  backside  tempera¬ 
ture,  and  temperature  difference  between  these 
two  surfaces  for  all  three  materials  are  shown 
in  Figs.  3-65?  to  3-64, 


The  alumina  specimen  cracked  after  approxi¬ 
mately  46  sec.  Pyroceram  failed  in  a  similar 
manner  when  exposed  to  the  rocket  exhaust  at 
a  distance  of  12  in.  from  the  exit  plane.  Slip-cast 
fused  silica  has  not  been  observed  to  thermal- 
shock  at  any  distance.  However,  at  a  distance 
of  6  in.,  ablation  occurs.  The  ablation  rate  at 
this  point  is  approximately  0.001  in./sec. 

Oxyt.cetylenc  and  oxypropane  torches  pro¬ 
vide  similar  data  at  similar  cold-wall  heat  flux 
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conditions.  However,  because  of  the  very  low 
gas  velocities  of  these  facilities  as  compared 
with  the  rocket  motor  exhaust,  the  shear  stresses 

An  anrfppA  tVio  toaf  pro  TTHlCh 

less.  Therefore,  ablation  rates  are  less  for 
equivalent  heat  fluxes. 

In  addition  to  being  more  economical  to  oper¬ 
ate,  these  facilities  offer  the  advantages  of  being 
much  safer  and  quieter  and  may  be  operated  in 
the  laboratory.  Therefore,  the  oxyacetylene  and 
oxy propane  torches  are  very  useful  high-tem¬ 
perature  heat  sources  for  thermal  property 
measurements  of  radome  materials. 

The  oxyacetylene  facility  shown  in  Fig.  3-65 
has  been  used  at  Georgia  Tech  to  heat  specimens 
for  the  purpose  of  obtaining  emittance  data. 
From  optical  pyrometer  and  radiation  pyrome¬ 
ter  data,  effective  emittance  may  be  calculated 
using  the  method  shown  in  Appendix  3A.  The 
emittance  data  presented  in  Fig.  4-32  were  ob¬ 
tained  using  this  method.  The  Marquardt  Cor¬ 
poration  has  used  this  method  with  oxyacety¬ 


lene  and  oxypropane  facilities  to  obtain  emit¬ 
tance  data  (Reference  34). 

*1-5  T  O  AarnrlunmMU  C|pMijl#«ftj am 

Reference  35  reports  the  results  of  a  program 
that  uses  an  ablative  coating  to  reduce  the  ther¬ 
mal  shock  to  an  alumina  radome.  The  aerody¬ 
namic  heating  conditions  that  were  anticipated 
for  the  bare  radome  are  shown  in  Fig.  3-66.  The 
maximum  temperature  anticipated  was  of  the 
order  of  2800°F,  which  would  be  reached  in 
approximately  120  sec.  The  maximum  tempera¬ 
ture  differential  (AT)  of  174°F  was  considered 
sufficient  to  produce  failure  at  a  temperature  of 
1800°F  and  for  a  wall  thickness  of  0.25  in. 
Through  the  use  of  ablative  coatings,  AT  was 
determined  to  be  73°F  during  ablation  and 
131°F  after  ablation.  These  temperature  gra¬ 
dients  produced  stresses  of  12,200  psi  and  24,360 
psi,  respectively,  which  represented  l/t  to  %  of 
the  ultimate  strength  of  the  alumina  used. 


Figure  3-60.  Setup  tor  evaluating  Ceramic  Materials  in  Exhaust  of 
Oxyhydrogen  Racket  Motor 
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TABLE  3-7  OPERATIONAL  DATA  FOR 
OXYHYDROGEN  ROCKET  MOTOR 


I700| 


Motor  I 

Fuel  mixture  ratio,  Vn2:Vo2 

4:1 

IlydivHvu  iluw  lute,  S.C.r.M. 

36 

Oxygen  flow  rate,  S.C.F.M. 

9 

Chamber  pressure,  psia 

276 

Exhaust  i/as  at  exit  plane 

Pressure,  psia 

16.1 

Velocity,  ft/sec 

7966 

Temperature,  °R 

3214 

Stagnation  temperature,  "II 

5400 

Mneh  number 

2.5 

A  model  of  the  radome  under  consideration 
was  coated  with  the  ablative  material  for  simu¬ 
lated  environmental  testing.  The  radome  was 
approximately  of  12-in.  diameter  and  40-in. 
length.  The  test  facility  used  ramjet  engine  ex¬ 
haust.  The  test  conditions  are  shown  in  Table 
3-8.  The  results  were  stated  in  Reference  36  as 
follows:  “Upon  ignition  of  the  ram  jet,  the  ra¬ 
dome  began  to  vibrate  in  the  exhaust  stream. 
Ablation  of  the  coating  began  within  6  sec.  The 
coating  ablated,  evenly  exposing  a  small  por¬ 
tion  of  the  radome  at  the  stagnation  point,  After 
approximately  16  sec  of  run  time,  a  crack  de¬ 
veloped  at  the  base  of  the  radome.  The  radome 
then  broke  away  from  the  mounting  ring  and 
fell  intact,  shattering  immediately  upon  strik¬ 
ing  the  bottom  of  the  chamber.  Ablation  had 
proceeded  to  the  shoulder  of  the  radome  nose. 
The  test  terminated  at  this  point.” 

It  should  be  emphasized  that  alumina  would 
be  expected  to  survive  thermal  shock  only  under 


TABLE  3-8  RAMJET  TEST  CONDITIONS  FOR 
ALUMINA  RADOME  FLIGHT  SIMULATION 


Total  pressure,  psia 

30 

Total  exhaust  temperature,  °F 

3000 

Exhaust  Mach  number 

2.24 

Approximate  exhaust  velocity,  ft/sec 

6700 

Hun  time,  see 

27 

Flguro  3-61.  H»at  Flux  of  Fxhautl  of  Oxyhydrogan 
Rotkol  Motor 

conditions  that  allow  a  very  minimum  tempera¬ 
ture  differential  between  the  frontside  and  back¬ 
side  of  the  radome.  It  would  be  safe  to  say  that 
this  temperature  should  be  less  than  300°F  for 
the  0.25-in.  wall.  One  way  of  reducing  this  gra¬ 
dient  would  be  to  make  the  wall  thickness  as 
thin  as  possible. 

During  one  phase  of  a  project  to  evaluate  slip- 
cast  fused  silica  for  nose  cone  applications,  a 
slip-cast  nose  cone  model  26  in.  high,  19  in.  in 
diameter  at  the  base,  and  0.76  in.  thick  was  ex¬ 
posed  to  the  exhaust  of  an  18,000-lb  thrust 
rocket  motor  (see  Reference  36).  This  nose  cone 
model  was  mounted  like  a  radome,  as  shown  in 
Fig.  3-67,  at  a  distance  of  30  in.  from  the  exit 
plane,  as  shown  in  Fig.  3-68.  The  conditions 
provided  by  this  rocket  motor  were : 

Exit  velocity,  ft/sec  6790 

Exhaust  gas  temp.,  °F  3920 

Exposure  time,  sec  17.16 
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The  slip-cast  fused-silica  nose  cone  survived  this 
test  with  only  localized  melting  at  the  tip.  Fig¬ 
ure  3-69  shows  two  views  of  the  nose  core  after 
exposure  to  the  rocket  exhaust.  The  ablation 
rate  was  difficult  to  determine  precisely,  but 
ranged  between  0.0003  and  0.0017  in./sec  maxi¬ 
mum.  The  use  of  this  test  motor  to  evaluate 
nose  cone  materials  is  described  in  Reference  28. 

3-5.7.3  Obtaining  Thermal  Data  on 
Production  Radomos 

Reference  38  reports  the  use  of  hot  gases 
from  a  kiln  to  thermal-shock  an  alumina  ra- 
dome.  The  radome  was  an  ogive  of  5.6-in.  diam¬ 
eter  and  13-in.  length.  Thermal  shock  was  ac¬ 
complished  by  swinging  the  radome  into  the 
center  of  the  gas  stream  in  1  sec.  The  tempera¬ 
ture  of  the  flue  inlet  wall  measured  2510°F  and 
combustion  conditions  assured  gas  tempera¬ 
tures  over  3100°F.  The  same  radome  was  ther- 
mal-shocked  three  successive  times,  each  time 
returning  substantially  to  room  temperature 
before  the  next  insertion.  During  the  first  ther¬ 
mal  shock  run,  the  radome  was  kept  in  the  flue 
27  sec.  On  the  second  run,  it  remained  20  sec, 
and  on  the  third  run  52  sec. 


The  calculated  inside  and  outside  wall  tem¬ 
peratures  are  presented  in  Fig.  3-70  (Reference 
40).  From  these  data,  it  can  be  seen  that  the 
maximum  thermal  gradient  in  the  wall  was  of 
the  order  of  100°F.  The  fact  that,  there  was  n« 
failure  agrees  with  the  general  observations 
(presented  in  Reference  35)  that  alumina  should 
survive  a  thermal  shock  environment  that  pro¬ 
duces  no  thermal  gradient  greater  than  100°F. 

The  heat  transfer  rate  provided  by  the  hot 
flue  gas,  however,  was  probably  of  a  lower  order 
than  would  be  associated  with  the  usual  hyper¬ 
sonic  flight  trajectory.  Also,  it  is  probable  lhat 
the  thermal  shock  provided  by  the  hot  flue  gas 
was  approaching  the  maximum  that  the  alumina 
could  survive. 

Reference  41  describes  the  use  of  quartz 
lamps  to  thermal-shock  alumina  radomes  of  ap¬ 
proximately  6-in.  diameter  and  14-in.  length. 
These  radomes  were  also  ogival  and  had  half¬ 
wave  X-band  wall  thickness. 

The  radomes  were  thermal-shock  tested  by 
exposure  to  the  radiant  heat  generated  by  banks 
of  quartz  tube  lamps.  The  lamps  were  assem¬ 
bled  into  a  cylindrical  oven,  in  the  center  of 
which  the  radome  was  mounted.  The  oven  con¬ 
sisted  of  six  lamp  banks,  each  containing  nine 


F/guro  3-64.  Tamparalura  Maaiuramanlt  on  ’A  -In.  Thick  Alumina  Plata  located 
14  In.  from  Exit  Plana  of  Oxyhydrogan  Rocket  Motor 
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Figaro  3-66.  Outor  Skln-lnnor  Skin  Tomporaturo  vt  Flight  Tim* 
tor  Alumina  Radomo 
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lamps  mounted  in  front  of  water-cooled  alumi¬ 
num  reflectors.  The  radomes  were  equipped  with 
thermocouples  on  both  the  inner  and  outer  n.ir- 
faces  at  three  locations  on  the  circumference, 
at  a  distance  of  10  in.  from  the  nose. 

In  a  given  test,  heat  was  applied  lo  Lhe  ra- 
dorne  as  rapidly  as  possible  until  the  preselected 
wall  temperature  difference  was  attained,  after 
which  the  heat  input  was  adjusted  to  maintain 
this  difference.  The  heating  was  continued  until 
failure  occurred  or  the  surface  temperature 
reached  about  19Q0°F.  The  test  results  are  given 
in  Table  3-9. 


TABLE  3-9  THERMAL  SHOCK  CONDITIONS  FOR 
ALUMINA  RADOMES 


Radom* 

Number" 

Wall 

Ttmpar- 

otur* 

Differ- 

intt, 

*F 

Maximum 

Outar 

Surfa<* 

Timpor* 

aturt, 

9F 

Rota  of 
Rite  of 
Surface 
Ttmpor- 
afuro, 
°F/mln. 

Radomt 

Fulluro 

4 

60 

1920 

80 

No 

■»  4 

100 

1800 

180 

No 

1 

»-» 

OR 

O 

1420 

180 

Yea 

2 

220 

880 

1000 

Yea 

8 

240 

1260 

1000 

Yea 

4 

800 

1720 

400 

Yea 

The  alumina  radomes  usually  broke  into  sev¬ 
eral  pieces  when  failure  occurred;  the  time 
period  over  which  the  fractures  occurred  was 
only  a  fraction  of  a  second. 

The  fact  that  thermal  gradients  of  150°F  and 
higher  all  produced  failure  is  further  evidence 
that  for  an  alumina  wall  of  approximately  0.22 
in.,  the  maximum  thermal  gradient  for  which 
the  radome  should  be  designed  should  be  of  the 
order  of  100°F. 

Reference  87  reports  the  use  of  the  quartz 
lamp  clamshell  heater  (shown  in  Fig.  3-56)  to 
thermal-shock  Pyroceram  radomes  at  General 
Dynamics/Pomona.  These  radomes  were  cov¬ 
ered  with  poster  paint  black  to  improve  the  heat 
transfer  rate  to  the  surface.  Some  ten  or  more 
of  these  radomes  were  tested  to  the  capacity  of 
the  facility.  Some  of  the  radomes  were  reported 
to  have  failed  explosively,  breaking  a  number 


figure  3-67.  Fused  Silica  Note  Cone  Showing 
Mounllng  Brackett  Cemented  In  Place  with 
Adhe live  Rutin 

of  the  quartz  lamps  in  the  proceus. 

The  maximum  heat  input  with  this  clamshell 
was  approximately  70  Btu/ft“-sec.  The  efficiency 
of  the  operation  was  about  50%.  100  Btu/fta-sec 
is  possible  by  using  these  lamps  In  staggered 
rows,  gold  reflector  surfaces,  and  higher  volt¬ 
ages.  The  lamps  shown  in  Figs.  3-56  to  3-58  are 
G.E.  Infrared  Heaters,  Type  T-3. 

3-57.4  Quality  Control  on  Proof  Testing 

Reference  38  reports  thermal  shock  data  ob¬ 
tained  from  alumina  radomes  immersed  in 
molten  babbitt.  Figure  3-71  shows  the  two  ra¬ 
domes  that  were  used  in  these  tests,  with  the 
location  of  thermocouples  to  measure  backside 
temperature,  The  graph  of  Fig.  3-72  presents 
the  backside  temperature  pitted  as  a  function 
of  time  after  the  radome  was  immersed  in  the 
molten  babbitt.  Only  the  outside  of  the  radome 
was  exposed  to  the  babbitt. 

Reference  39  computes  the  temperature  dis¬ 
tribution  for  the  case  above  with  the  results 
shown  in  Fig.  3-73.  These  data  emphasize  that, 
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although  the  radome  heats  up  rapidly,  most  of 
the  temperature  gradient  occurs,  jn  the  bound¬ 
ary  layer  and  not  in  the  radome  wall.  The 

muvimum  ofmon  limn  ^nuw A  in  mnn  —  * 

. .  -**  *u“**u  w  uv  uuvut  iov;  pni 

or  less  than  10%  of  the  flexural  strength  at 
800nF.  From  these  results,  it  is  pointed  out  that 
such  a  test  would  be  satisfactory  only  if  larger 
temperature  gradients  could  be  obtained  in  the 
radome  wall. 

Radomes  for  the  Mauler  missile  have  been 
evaluated  using  a  similar  test.  In  this  test,  how¬ 
ever,  the  molten  metal  was  circulated  around 
the  radome  to  vary  the  heat  transfer  over  the 
radome  surface.  This  provided  the  highest  heat 
transfer  rate  at  the  nose,  which  more  nearly 
simulates  the  heat  transfer  profile  anticipated 
in  flight. 

3-6  RADIATION  EFFECTS  ON 
RADOME  MATERIALS 

3-6.1  INTRODUCTION 

More  recently,  the  design  of  radomes  has  been 


complicated  by  the  added  requirement  that  the 
dielectric  materials  remain  stable  when  sub¬ 
jected  to  high  levels  of  radiation.  Ground-based 
uuu  shipboard  radomes  now  include,  as  part  of 
their  specifications,  structural  and  electrical 
performance  that  must  be  maintained  when  that, 
particular  radome  is  in  the  vicinity  of  a  nuclear 
detonation.  The  use  of  antimissile  missiles  with 
nuclear  warheads  poses  similar  problems  for  the 
airborne  radome  design.  Dielectric  materials  on 
orbiting  vehicles  had  the  added  problem  of  ex¬ 
traterrestrial  bombardment  presented  by  cosmic 
rays,  Van  Allen  radiation,  etc. 

For  some  time,  many  facilities  have  been  sub¬ 
jecting  materials  to  controlled  radiation  sources 
in  an  attempt  to  determine  the  structural  and 
electrical  degradation  after  exposure.  Only  a 
small  percentage  of  these  data  is  applicable  to 
electromagnetic  window  design,  because  the 
major  portion  of  this  testing  has  dealt  with 
structural  metals,  reactor  materials,  and  elec¬ 
trical  components.  The  following  paragraphs 
will  evaluate  the  performance  that  can  be  ex¬ 
pected  from  the  more  common  radome  mate- 


Figiir*  3-6#.  Nos*  Ctino  Engulf ud  in  Flam*  Irom  Oxyacnlyltn*  Tuft  Nozzle 


248 


rials,  plastic  and  ceramic,  after  they  are  sub¬ 
jected  to  radiation, 

To  adequately  cover  the  entire  field  of  radia¬ 
tion  effects  on  materials  would,  in  itself,  require 


cfc  ICAli  i  1 IV. 
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the  radiation  problem,  with  the  hope  that  the 


references  will  provide  a  starting  point  for  fur¬ 


ther  research, 


3-6.2  PLASTICS 

Considerable  use  is  still  being  made  of  various 
fiberglass-resin  combinations  for  electromag¬ 
netic  window  applications.  If  we  now  impose  on 
these  designs  a  radiation  environment,  the  two 
obvious  considerations  are  the  electrical  and 
structural  degradation  that  is  to  bo  expected 
upon  exposure. 

When  exposed  to  high-intensity  radiation,  or¬ 
ganic  materials  are  altered  because  of  molecular 
excitation  and  ionization.  The  resultant  changes 
demonstrate  themselves  in  either  a  physical  or 
chemical  manner,  or  a  combination  of  both. 
Cross  linking,  bond  cleavage  and  degradation, 
unsaturation,  gas  formation,  and  polymerization 
are  a  few  of  the  changes  encountered.  Whether 
or  not  any  one  of  these  phenomena  occurs  de¬ 
pends  upon  the  material  in  question  and  the 
nature  of  the  radiation. 

Exact  comparison  of  data  is  often  difficult  be¬ 
cause  of  the  many  parameters  varied  during  the 
exposure  of  the  material  in  question.  For  exam¬ 
ple,  considerable  data  have  been  reported 
wherein  the  teHt  material  1h  simultaneously  ex¬ 
posed  to  a  source  of  radiation  and  a  thermal 
environment  that  can  range  from' ambient  tem¬ 
perature  to  1000aC.  Iu  addition,  evaluations  are 
also  reported  wherein  the  test  materia!  is  sub¬ 
jected  to  a  vacuum.  The  induced  changes  ure 
a  function  of  the  combination  of  these  three 
environments  that  is  utilized. 

Reference  42  states  that  gamma  and  fast  neu¬ 
tron  radiation  produce  physical  and  electrlcul 
chnges  in  structural  plastics  that  are  quite  simi¬ 
lar  when  compared  on  an  energy  absorbed  basis. 
Reference  42  also  states  that  a  radiation  effects 
program,  performed  in  a  gamma  field,  reflects 
the  behavior  of  a  material  after  exposure  to 
a  mixed  radiation  environment,  This  is  an  im¬ 
portant  factor  because  it  allows  use  of  the  more 
readily  available  gumma  sources.  In  addition, 
gamma  source  facilities  can  handle  larger  sam- 


Flgure  3-69,  S/lp-Cotf  Futad  Silica  No**  Con* 
Alltr  Tut 


pies,  are  far  more  accurate  because  of  advanced 
gamma  dosimetry,  and  present  fewer  handling 
problems  because  such  sources  do  not  induce 
radioactivity. 

Table  3-10  lists  some  of  the  physical  and  elec¬ 
trical  changes  after  exposure  of  various  lami¬ 
nates  to  a  gamma  radiation  source.  The  struc¬ 
tural  values  in  this  table  are  the  average  of  five 
specimens.  The  electrical  values  are  the  average 
of  three  readings  taken  at  8.5  kmc. 

The  structural  ard  electrical  test  samples 
were  irradiated  in  the  "spent-fuel  gamma  facil¬ 
ity  at  the  Materials  Testing  Reactor  (MTR), 
National  Reactor  Testing  Station,  Idaho  Falls, 
Idaho.  Dynamic  electrical  studies  were  per¬ 
formed  in  a  1500-curie  Com)  source  located  at 
WADC.  The  latter  measurements  were  per¬ 
formed  to  determine  if  ion  buildup  during  irra¬ 
diation  is  significant.  This  proved  to  be  negative. 
A  Red  Wing  dielectrometer  was  used  to  deter¬ 
mine  the  dielectric  constant  and  loss  tangent 
values. 

Reference  43  gives  a  comparison  of  various 
reactor  facilities.  References  44  through  47  pro¬ 
vide  additional  performance  data  on  various 
plastic  laminates  after  they  were  subjected  to 
severe  radiation  levels.  Reference  48  is  men- 
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Figure  3-70.  Calculated  Inner  Surface  and  Outer 
Surface  Temperatures  for  Alumina  (AO-99)  Radom# 
Exposed  to  Hot  flue  0 as  Test 


t'oned  individually  because  it  is  one  of  the  best 
sources  fer  the  effects  of  radiation  on  plastics 
and  elastomers. 

3-6.3  CERAMICS 

Considerable  information  exists  describing 
the  effects  of  radiation  on  all  types  of  ceramics. 
The  data  reported  are  not  directly  pertinent  to 
the  design  of  radomes  because  most  investiga¬ 
tions  concerned  components,  insulators,  tube 
elements,  reactor  fuel  elements,  etc.  Nonethe¬ 
less,  a  consensus  of  reported  data  (Reference 
49)  indicates  that  these  inorganic  materials  can 
withstand  levels  up  to  at  least  10-"  nvt  with  no 
adverse  effects. 


THIS  RADOME  WAS  SUBJECTED  TO 
THREE  SUCCESSIVE  SHOCKS  OF  RUNS 
NO:  1 , 2  a  3  WITHOUT  DAMAGE 


Figure  3-71.  Hemispherical  and  Toroidal  Radomes 
Used  to  Obfrln  Thermal  Shock  Data 
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It  is  interesting  to  compare  the  quoted  radia¬ 
tion  resistance  of  these  ceramic  materials  with 
the  exposure  to  be  encountered  in  the  inner  Van 
Allen  belts.  Reference  50  evaluates  several  IR 
■-  window  materials  at  levels  to  10s  roentgens  and 
indicates  that  it  would  require  110  years  within 
the  inner  Van  Allen  belt  to  experience  an  equiv¬ 
alent  exposure. 

In  summary,  considering  the  radiation 
sources  that  are  available  for  material  evalua¬ 
tion,  it  is  obvious  that  radome  materials  are 
relatively  unaffected  in  the  radiation  environ¬ 
ments  as  specified  by  the  present  generation  of 
weapons  systems. 

In  an  attempt  to  centralize  the  collection  of 
radiation  data,  the  Air  Force  has  established 
the  Radiation  Effects  Information  Center 
(REIC)  at  Battelle  Memorial  Institute.  Refer¬ 
ence  51  is  the  most  recent  compilation  by  REIC 
on  Radiation-Effects  State  of  the  Art,  1962-63, 
and  is  the  best  starting  point  to  pursue  this  area 
of  interest. 

3-7  VIBRATION  TESTING 
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I.  EABBITT  625*  F,  AO -39 
HEMISPHERICAL  RAOOME 

Z.  BABBITT  710*  F,  AD -99 
HEMISPHERICAL 

3.  BABBITT  802*F,  AO-99 
HEMISPHERICAL 

4.  BABBITT  7IB»F,  AD-94 
TOROIDAL  RADOME 

5.  BABBITT  725*F,  AD-94 
TOROIDAL  RADOME 
WITH  METALIZE- BRAZE 
KOVAR  ATTACHMENT 
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Figure  3 -72.  Graph  of  Temperature  of  Intide  Sur¬ 
face  of  Radome  Nose  After  Instant  immersion  of 
Radomo  into  Superheated,  Molten  Babbit 


Vibration  requirements  for  radome  -.  are  a 
part  of  the  overall  design  parameters  of  a  par¬ 
ticular  missile.  However,  since  these  require¬ 
ments  vary  from  missile  to  missile,  there  are 
no  standard  vibration  teste  for  radomes. 

Experience  has  shown  that  the  mechanical 
requirements  for  advanced  hypersonic  missile 


radomes  are  minor  when  compared  with  the 
thermal  shock  requirements.  For  the  case  of  alu¬ 
mina  and  Pyroceram  radomes,  the  strength  re¬ 
quired  to  withstand  thermal  shock  is  so  much 
higher  than  that  required  to  withstand  mechan¬ 
ical  loads  that  the  primary  emphasis  has  been 
on  thermal  shock  testing.  In  the  case  of  slip-cast 
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TABLE  3-10  CHARACTERISTICS  Of  VIBRIN  AND  SEL-CTRON  POLYESTERS 
AFTER  EXPOSURE  TO  RADIATION 


Matxrlol 

Expoture, 

rosntyxni 

Flexural 

Strength, 

pit 

Ytntl!* 

Strength, 

pii 

Comprettiv* 

Strength, 

psl 

DixUctrlc 

Conttant 

Lon 

Tangent 

Vibrin  135 

Heat-Resistant  Polyester 

None 

56,3 

33.3 

40.2 

4.348 

0.0139 

6.2  X  107 

47.2 

26,9 

38.0 

2.9  X  10" 

47.8 

27.6 

43.2 

4.453 

0.0163 

9.6  X  10" 

63.0 

29.6 

46.0 

4.149 

0.0117 

Sclectron-6003  Polyester 

None 

34.8 

40.2 

26.4 

4.099 

0.0114 

6.2  x  107 

39.4 

38.8 

33.8 

1 

2.9  X  10" 

39.5 

34.0 

20.9 

4..:  23 

0.0121 

0.5  x  10s 

40.1 

37.8 

31.6 

4.347 

0.0129 
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Figure  3-73.  Inner  to  Outer  Wall  Temperature  attribution  vi  Time 


fused  Bilica,  however,  this  is  not  necessarily 
true.  For  example,  the  strength  required  for 
this  material  to  withstand  even  the  most  severe 
thermal  shock  environment  would  be  very  low. 
It  may  be  even  lower  than  that  required  to  with¬ 
stand  mechanical  loads.  This  would  be  particu¬ 
larly  true  in  the  case  of  radomes  over  30  in.  long. 

In  preparation  for  the  sled  tests  reported  in 
Paragraph  3-4.1,  General  Dynamics  subjected 
the  slip-cast  fused-silica  radonies  to  vibrational 
tests  (Reference  62).  Three  radomes  were  vi¬ 
brated  in  the  three  major  planes  at  60  g’s  from 
90  to  2000  cycles.  There  was  no  visual  degrada¬ 
tion.  After  the  sled  tests,  the  first  radome  from 
run  No.  8  (sled  tested  twice)  was  cut  into  test 
specimens.  The  transverse  strength  of  this  ra¬ 
dome  was  only  2600  psi.  Many  radome  designers 
had  previously  stated  that  strength  of  the  order 
of  20,000  psi  was  the  minimum  vequired  for 


such  a  radome.  The  point  should  bo  made  that 
the  attachment  plays  a  major  role  in  the  per¬ 
formance  of  a  radome  under  mechanical  loads. 
A  good  attachment  system  that  minimizes  stress 
concentration  and  distributes  the  load  over  as 
wide  an  area  us  practical,  can  result  in  the  suc¬ 
cessful  performance  of  a  rather  weak  material. 
On  the  other  hand,  a  poor  attachment  can  result 
in  the  failure  of  the  strongest  radome  materials. 

It  should  be  mentioned  that  most  radome  de¬ 
signers  require  20,000  psi  for  alumina  and  Pyro- 
ceram,  since  this  order  of  strength  is  required 
for  thermal  loading  because  of  the  high  thermal 
expansion  of  these  materials.  Slip-cast  fused 
silica  has  little  thermal  expansion  and  requires 
little  strength  for  thermal  loading.  Therefore, 
strength  requirements  for  slip-cast  fused  silica 
should  be  considered  almost  entirely  for  me¬ 
chanical  and  aerodynamic  loading. 
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APPENDIX  3A 

EFFECTIVE  EMITTANCE  CALCULATION 


The  effective  emittance  of  a  material  can  be 
determined  from  two  temperature  measure¬ 
ments,  total  radiation  temperature,  and  optical 
temperature.  For  the  preliminary  data  pre¬ 
sented,  the  assumption  is  made  that  the  spectral 
emittance  at  6500  A  is  equal  to  the  effective 
emittance.  This  assumption  simplifies  the  analy¬ 
sis  and  provides  for  rapid''  numerical  solutions. 

Consider  a  surface  at  some  true  temperature, 
T„  with  a  radiation  temperature,  T„  and  an 
optical  temperature,  T„.  The  measured  radiation 
temperature,  T„  suggests  that  the  surface  is 
“black"  in  nature  and  has  a  unit  area  radiant 
flux  of : 

Rn  =  o-Tr<  (3-A1)'' 

However,  if  the  surface  is  not  "black,”  the 
radiant  flux  will  be : 

Rs  =  «<xT,4  (3-A2) 


From  Eqs.  3-A1  and  3-A2, 

crTr4  =  ecrT,4 

or  e  =  T,/T,4  (3- A3) 

The  true  temperature,  T„  is  tabulated  as  a 
function  of  optical  temperature,  T„,  for  49  effec¬ 
tive  spectral  emissivities  in  a  National  Bureau 
of  Standards  Monograph  (Reference  1). 

Thus,  Eq.  3-A3  can  be  written  as : 


Solutions  are  obtained  by.  trial  and  error, 
and  are  accomplished  by  assuming  an  effective 
emittance,  determining  the  true  temperature, 
T„  associated  with  this  particular  emittance 
and  optical  temperature,  T„,  and  evaluating  the 
expression  until  equality  is  reached  between  the 
right-  and  left-hand  portions  of  Eq.  3-A4. 
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CHAPTER  4 


RADOME  MATERIALS  AND  CONSTRUCTION 


PART  I 

by  Dr.  G.  M.  Butler 
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Los  Angeles  88,  California 
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PART  II 
by  S.  A.  Miller 
Technical  Plastics 
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SYMBOLS 

B.W.  Bandwidth,  in. 

D  Density 

D*  Diameter  of  mandrel 

F  Frictional  force 

NQ  Number  of  helical  layers 

P  Normal  force  or  pressure,  psi,  between 

the  mandrel  and  the  first  layer  of  glass 
Tangential  force 
Reflected  phase,  degrees 
Interferometer  horn  to  radome  wall 
spacing,  in. 

TPI  Threads  per  in. 

T  Tension,  lb/thread 

Vi  Volume  of  part  at  the  base  with 

radius  r„, 

V„  Volume  of  the  mandrel 

V„  Volume  at  any  given  station ;  for  a  cone 
V.i  —  frr„-h/8  —  ■»rr„l-h/8 
Vp  Volume  of  part 

d  Physical  thickness,  in. 

h  Height  of  cone,  in. 

r  Radius  of  curvature,  in. 

rm  Radius  of  mandrel,  in. 

a  Winding  angle,  degrees 

e  Emittance ;  dielectric  constant 

c'  Relative  dielectric  constant 

Xy  Wavelength,  in.,  at  the  interferometer 

frequency 

</>  Electrical  thickness 

6  Included  angle,  degrees,  between  the 

tangential  force  and  the  y-axis  in  car¬ 
tesian  coordinate  system. 
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PART  I— CERAMIC  RADOMES 


4-1  INTRODUCTION 

Techniques  for  Airborne  Radome  Design 
(Reference  1)  lists  and  discusses  many  ceramic 
materials  worth  considering  in  the  construction 
of  radomes.  Alumina  and  glass-ceramics  arc 
applied  in  numerous  missiles.  Beryllia  and  sin¬ 
tered  fused  silica  are  undergoing  considerable 
development  and  testing,  but  have  not  yet  been 
accepted  for  a  specific  missile.  This  chapter 
considers  only  these  four  ceramic  radome  ma¬ 
terials. 

When  service'  conditions  become  too  severe 
for  glass-reinforced  plastic  radomes,  ceramic 
materials  offer  the  only  practical  combination 
of  high  hardness  and  heat  resistance  to  with¬ 
stand  rapid  aerodynamic  heating  and  erosion 
by  rain  and  other  particles.  Ceramics  for  this 
application  may  be  considered  as  inorganic, 
nonmetallic,  electrically  insulating  materials 
that  have  been  subjected  to  temperatures  above 
a  red  heat  (<-  1000°F)  during  their  fabrication. 
This  processing  temperature  may  vary  from 
1000°F  below  the  melting  temperature  of  the 
material,  as  with  slip-cast  fused  silica,  to  a 
temperature  above  the  melting  point,  as  with 
glass-ceramics.  Such  ceramics  consist  of  the 
oxides  of  several  metals  and  metalloids.  Oxide 
ceramics  are  inert  to  oxidation  at  high  tempera¬ 
tures  and  have  useful  physical  properties  at 
temperatures  high  enough  to  destroy  plastics 
and  to  melt  most  metals  and  glasses.  Many  of 
them  also  have  electrical  properties  very  desir¬ 
able  for  radome  use. 

Alumina  and  glass-ceramic  radomes  have 
been  used  on  at  least  five  operational  missiles 
and  on  others  in  developmental  stages.  High- 
volume  fabrication  processes  for  ceramic 
radomes  have  been  perfected  by  several  com¬ 


panies,  and  much  has  been  learned  about  the 
behavior  of  ceramic  radomes.  Designers  now 
turn  with  comparative  confidence  to  ceramics 
when  conditions  are  too  severe  for  plastics. 
Enough  has  been  learned  about  the  mechanical 
and  electrical  prc. .  rties  of  the  leading  ceramics 
to  permit  quite  accurate  computer  program¬ 
ming  and  calculation  of  their  performance  in 
both  dense  and  laminated  forms. 

The  principal  properties  of  ceramics  that 
have  led  to  their  use  in  radomes  are 

1.  Ability  to  sustain  temperatures  into  the 
white  heat  range  without  chemical  change 
or  destructive  deterioration,  while  retain¬ 
ing  a  useful  degree  of  strength 

2.  High  hardness,  providing  resistance  to 
rain  erosion 

3.  Excellent  dielectric  properties,  even  at 
high  temperatures 

4.  Complete  resistance  to  corrosion,  fungus, 
bacteria,  and  similar  destructive  agents 

Offsetting  these  favorable  properties  are  some 
less  favorable  characteristics : 

1.  Greater  weight  than  resin-glass  radomes 
of  similar  size 

2.  Greater  sensitivity  to  severe  thermal 
shock  conditions 

3.  Brittleness  (lack  of  any  elongation  before 
fracture,  hence  inability  to  distribute  lo¬ 
calized  stresses 

4.  High  cost  of  fabrication  compared  to 
glassplastics,  especially  in  large  sizes  and 
when  finished  by  diamond  grinding  to 
final  dimensions 

5.  High  note  of  change  in  dielectric  con¬ 
stant  with  temperature 


*  See  Paragraph  4-16. 
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Cooperation  between  ceramic  manufacturers 
and  radome  designers  has  stimulated  notable 
progress  in  minimizing  or  adjusting  for  these 
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the  hypersonic,  accurately-guided  missiles  on 
which  so  much  military  strategy  is  based.  Ad¬ 
vanced  missile  development  imposes  severe 
thermal  requirements  on  ceramic  materials. 
These  requirements  may  not  even  be  satisfied 
by  the  properties  of  alumina,  beryllia,  glass- 
ceramics,  or  silica  (when  in  the  dense,  monolithic 
form).  Use  of  composite  or  laminated  struc¬ 
tures  seems  to  offer  the  only  hope  for  success 
in  withstanding  the  extreme  heat  shock  caused 
by  the  tremendous  velocity  of  these  missiles. 

This  chapter  outlines  the  properties  of  the 
four  leading  materials  considered  for  ceramic 
radomes  (in  monolithic  and  other  forms),  and 
explains  the  processes  by  which  they  are  man¬ 
ufactured.  It  also  covers  a  new  inorganic- 
bonded  glass  fiber  material.  Mixtures  of  glass 
fibers  and  organic  materials*  are  excluded,  since 
techniques  for  bonding  glass  fibers  or  oxide 
“whiskers”  with  inorganic  binders  have  not 
advanced  to  the  point  of  becoming  active  can¬ 
didates  for  radome  use. 


4-2  PROPERTIES  OF  CERAMIC  RADOME 
MATERIALS* 

4-2.1  GENERAL  COMPARISON  OF  CANDIDATE 
MATERIALS 

Each  of  the  types  of  ceramic  materials  dis¬ 
cussed  in  this  chapter  has  advantages  and 
limitations.  For  a  general  comparision  to  be 
made  of  these  characteristics,  Table  4-1  has 
been  compiled  from  data  on  the  individual 
materials  presented  in  more  detail  later  in 
this  chapter.  Vallies  in  the  table  are  only  il¬ 
lustrative.  Some  have  been  obtained  by  extra¬ 
polation — moat  have  been  rounded  off  for  easy 
comparison, 


*  For  h  more  extensive  compilation  of  physical  and 
electrical  property  data  for  ceramic  rudome  materials, 
see  ML-TDI?  04-206  A  Survey  of  High~Temporature 
Ceramic  Materials  for  Radomes,  September  1064,  under 
Contruct  No.  AF  33(657) -10510. 


4-2. 1.1  Alumina 

Alumina  in  dense,  monolithic  form  (the  first 
comiiitriciai  ceramic  rauonie  material;  has 
certain  important  characteristics.  It  is  the 
hardest  and  strongest  of  the  radome  ceramics. 
Dense  alumina  cannot  be  scratched  by  any 
common  materials  and  is  immune  to  rain  ero¬ 
sion  up  to  very  high  speedB,  although  it  can  be 
broken  by  rain  drop  impingement  if  it  is  too 
thin.  Dense  alumina  is  easily  produced  to  zero 
permeability  and  absorption.  Its  raw  materials 
are  abundant  and  inexpensive. 

On  the  other  hand,  of  the  four  materials, 
alumina  is  the  most  vulnerable  to  thermal  shock 
damage  at  temperatures  below  rod  heat  because 
of  its  combination  of  moderately  high  expan¬ 
sion,  moderate  thermal  conductivity,  and  high 
elastic  modulus.  Its  dielectric  constant  is  high 
and  it  has  the  highest  specific  gravity  of  the 
four.  It  requires  complete  grinding  after  sin¬ 
tering  to  correct  for  shrinkage.  Because  of  its 
hardness,  costly  diamond  grinding  wheels  must 
be  used. 

4-2.1. 2  Glass-Ceramics 

Gla88-cerarfiic8  is  a  generic  term  for  the 
family  of  crystallized  glasses  represented  by 
Corning  Code  9606  material,  the  composition 
most  generally  used  for  radomes,  trademarked 
Pyroceram.  These  glass-ceramics  are  shaped 
by  g1  ass-working  techniques  such  as  spinning, 
which  is  faster  and  less  costly  than  forming 
ceramics  from  powders.  Glass-ceramics  are 
fine-grained,  fully  dense,  and  offer  a  wide  range 
of  properties,  such  as  thermal  expansion  and 
dielectric  constant,  whose  values  may  bo 
changed  with  variations  in  composition.  Com¬ 
pared  to  alumina,  Pyroceram  has  a  substan¬ 
tially  lower  dielectric  constant,  lower  heat  con¬ 
ductivity,  lower  thermal  expansion,  and  better 
thermal  shock  resistance.  Its  major  shortcom¬ 
ing  is  its  relatively  low  service  temperature 
range.  It  is  also  vulnerable  to  scratching  and 
surface  damage.  It  is  currently  available  from 
only  cno  manufacturer. 

4-2. 1.3  Sintered  Fused  Silica 

Sintered  fused  silica  is  unique  in  its  out- 
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TABLE  4-1  COMPARISON  OF  PROPERTIES  OF  THE  FOUR  PRINCIPAL 
CERAMIC  MONOLITHIC  RADOME  MATERIALS 


99% 

Alumina 

Pyroctram 

99% 

Baryllia 

Sintered 

Fuiad  Silica 

Density,  gm/cm'1 

3.76  to  3.9 

2.69  to  2.82 

2.85  to  2.96 

1.9  to  2.0 

Melting  point,  °F 

3700 

si  2800 

4060 

£=3000 

Coefficient  of  linear  thermal  expansion, 

per  °F  to  1500“F,  micro-in./in. 

4.5 

3 

4.8 

0.3 

Specific  heat,  Btu/lb/°F 

0.27 

0.1S 

0.24 

0.16 

Thermal  conductivity,  Btu/ft-/hr/ft/°F 

At  room  temperature 

10 

2.1 

150 

0.35 

At  1BOO“ F 

1.9 

15 

0.4 

Bend  strength,  psi 

At  room  temperature 

45,000 

35,000 

35,000 

5000 

At  1500-F 

35,000 

17,000 

30,000 

6000 

Modulus  of  elasticity,  psi  X  100 

52 

17 

52 

4 

Dielectric  constant  at  10  gc 

At  room  temperature 

9.2 

E.6 

6.6 

3.3 

At  1600“F 

10.1 

5.8 

7.C 

8.3 

Loss  tangent  at  10  gc 

At  room  temperature 

0.0003 

0.0003 

0.0003 

0.0008 

At  1600-F 

0.0005 

0.01 

0.0004 

0.0006 

Hardness,  Knoop,  kg/mm2 

2000 

619 

1220* 

660** 

Fermeability 

Nil 

Nil 

Nil 

Highf 

Normal  total  emittance 

0.75 

0.85 

0.85 

.... 

*  See  Reforence  1. 

**  For  dense  silica;  indeterminate  for  porous  fused  silica, 
t  Requires  fused  surface  layer  or  impervious  glaze. 


standing  resistance  to  thermal  shock.  The 
thermal  expansion  of  silica  is  bo  low  that  frac¬ 
ture  due  to  heating  and  cooling  rates  encoun¬ 
tered  in  missile  service  is  almost  impossible. 
Other  advantages  are  its  low  dielectric  con¬ 
stant  that  changes  very  little  with  temperature, 
its  low  density,  its  ready  machinability,  and 
its  availability  at  moderate  cost  from  several 
manufacturers.  Large  shapes  are  readily  fab¬ 
ricated  and  the  fabrication  technology  is  public 
knowledge  (see  Reference  2). 

Sintered  fused  silica  is  relatively  weak  at 
low  temperatures.  However,  its  strength  in¬ 
creases  with  temperature,  so  that  it  becomes 
as  strong  as  some  of  the  other  materials  at 
high  temperatures.  Since  it  is  also  very  porous 
and  permeable,  its  surface  must  be  sealed  for 
radome  use.  This  has  been  accomplished  both 


by  fusing  a  thin  surface  layer  with  intense 
local  heat  and  by  applying  a  low-expansion 
glaze. 

4-2.1. 4  Baryllia 

Beryllia  has  received  less  study  for  radomes 
than  the  other  three  materials  because  of  its 
high  cost  and  possible  toxicity.  Its  high  cost  is 
due  principally  to  the  high  cost  of  raw  materials 
and  precautions  taken  to  prevent  ingestion  dur¬ 
ing  manufacture.  Its  principal  advantage  is  its 
high  thermal  conductivity  at  low  temperatures, 
which  excels  all  other  candidates  for  radome 
use  and  provides  high  resistance  to  thermal 
shock  under  moderately  rapid  heating  condi¬ 
tions.  It  has  a  very  high  melting  point  and  a 
high  maximum  service  temperature,  and  its 


i 
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moderate  dielectric  constant  and  low  loss  tan¬ 
gent  give  it  especially  good  electromagnetic 
transmission  at  high  temperatures.  The  density 
of  beryllia  is  lower  than  that  of  alumina,  and  it 
i«  sufficiently  ViArH  tn  resist  ^crptching  and  sur¬ 
face  damage.  Its  strength  is  comparable  to  glass- 
ceramics  and  only  moderately  less  than  alumina, 
and,  except  for  the  necessity  for  dust  control, 
its  fabrication  process  is  very  similar. 

The  cost  of  beryllia  raw  materials  has 
dropped  substantially  and  shows  possibilities 
of  dropping  further.  Since  it  should  be  feasible 
to  fabricate  beryllia  in  sandwich  form  with 
porous  cores,  it  may  yet  become  a  major  radome 
ceramic. 

4-2. 1.5  Other  Ceramics 

Other  monolithic,  oxide  ceramics  that  have 
been  considered  for  radome  use  have  many 
shortcomings,  such  as  excessive  weight,  un¬ 
stable  properties,  and  inadequate  electrical 
properties,  that  have  discouraged  further  test¬ 
ing.  An  inorganic-bonded  glass  fiber  material 
(described  in  Paragraph  4-7)  may  become  an 
important  composite  radome  ceramic.  Two  non¬ 
oxide  ceramics  silicon  nitride  and  boron  nitride, 
were  the  subjects  of  papers  at  the  1964  Ra¬ 
dome  Symposium  (References  3  and  4).  They 
have  excellent  electrical  and  refractory  prop¬ 
erties.  Silicon  nitride  is  normally  permeable, 
requiring  techniques  to  make  it  dense  or  to 
seal  its  pores,  and  boron  nitride  is  very  ex¬ 
pensive.  However,  their  desirable  features  may 
outweigh  their  disadvantages  and  lead  to 
further  consideration. 

/ 

4-2,1 .6  Summary 

While  a^(  four  of  the  ceramics  have  properties 
that  qualify  them  for  use  on  some  missiles,  it 
is  evident  that  flight  profiles  of  the  missiles  now 
being  planned  and  tested  will  impose  heat  fluxes 
and  rates  of  heating  higher  than  those  experi¬ 
enced  by  any  radome  material.  These  opera¬ 
tional  conditions  will  generate  higher  internal 
stresses  in  monolithic  alumina,  glass-ceramic, 
and  even  beryllia  than  previously  encountered. 
Sintered  fused  silica  can  resist  the  thermal 
shock;  likewise,  it  appears  that  laminated  or 
sandwich  constructions  of  the  other  materials 


may  have  the  requisite  heat  shock  resistance, 
plus  fuvorable  weight  and  dielectric  properties. 
Accordingly,  such  composite  formulations  are 
discussed  in  Paragraphs  4-3.1,  4-8.1. 5.,  and 
4-8. 1.6. 

4-2.2  EVALUATING  PHYSICAL  PROPERTY  DATA* 

Certain  mechanical  property  data  of  impor¬ 
tance  to  the  radome  designer  cannot  be  stated 
with  the  precision  desirable  for  stress  analysis 
and  thermal  shock  calculations  because  of  the 
inherent  characteristics  of  ceramics.  These  must 
be  understood  and  borne  in  mind  when  compar¬ 
ing  and  applying  strength  data  given  for  ce¬ 
ramic  materials. 

Ceramics  have  no  yield  point.  At  moderate 
temperatures,  they  break  without  measurable 
elongation.  Notches,  scratches,  and  abrupt 
changes  of  section  induce  stress  concentrations 
that  can  lead  to  fracture  at  abnormally  low 
applied  stresses.  Conventional  tensile  testing, 
so  simple  and  economical  for  metals  and  plas¬ 
tics,  is  extremely  difficult  and  costly  for  ceram¬ 
ics.  Specimens  must  be  shaped  by  grinding  with 
diamond  wheels;  threaded  ends  are  not  possible 
because  of  premature  thread  fracture;  avoid¬ 
ance  of  nonaxial  loading  is  very  difficult;  and 
surface  finish  has  a  marked  influence  on  results. 
For  these  reasons,  reliable  tensile  data  on  ce¬ 
ramics  are  extremely  scarce. 

Measurement  of  bending  strength,  or  trans¬ 
verse  modulus  of  rupture,  is  much  simpler  and 
is  the  usual  manner  in  which  the  strength  of 
ceramics  is  expressed.  The  teat’s  simplicity  is 
misleading;  many  variables  affect  the  results: 
Thin  samples  give  higher  values  than  thick 
ones;  cylindrical  samples  give  higher  values 
than  square  or  rectangular  ones;  and  the  dis¬ 
tance  between  supporting  points  must  be  long 
with  respect  to  the  sample  thickness  if  errors 
due  to  compression  are  to  be  minimized.  Spun- 
to-thickness  ratios  in  excess  of  10:1  are  usually 
favored. 

Ultimate  tensile  strengths  from  carefully-run 
true  tensile  tests  usually  give  results  ranging 
between  one-half  and  two-thirds  of  those  from 
transverse  bending  tests.  The  scatter  of  results 
is  apt  to  be  considerable  in  both  tests;  the  prin- 


*  Sec  Paragraphs  1-1. 6.5,  5-0, 5-10,  and  6-3.4. 
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cipal  problem  is  establishing  the  minimum  con¬ 
fidence  level,  For  a  given  radome  material  and 
geometry  the  preferred  procedure  utilises  sam 
pies  of  thickness  comparable  to  the  radome 
wall,  or  even  samples  cut  from  the  radome  itself. 

In  addition  to  the  test  technique,  two  inherent 
ceramic  characteristics  affect  their  strength 
levels.  Porosity,  found  to  varying  but  significant 
degree  in  all  ceramics  except  those  that  are 
melted  into  glass,  must  be  carefully  controlled 
to  achieve  consistent  results.  Figure  4-1  shows 
the  effect  of  porosity  on  the  bend  strength  of 
an  alumina  body.  Note  that  even  5^>  porosity 
can  cause  as  much  as  20 %  drop  in  strength. 
Also,  grain  size  has  a  considerable  effe  the 
finer  the  grain  size,  the  stronger  the  ceramic. 
Figure  4-2  is  a  three-dimensional  representa¬ 
tion  of  the  relation  between  grain  size,  strength, 
and  temperature.  The  strength  of  an  oxide  ce¬ 
ramic  with  a  1-  to  2-micron  average  grain  size 
may  be  twice  that  of  a  chemically  identical  ma¬ 
terial  with  a  grain  size  in  excess  of  10  microns. 
Alumina  and  beiyllia  radomes  are  apt  to  have 
grain  sizes  ranging  from  10  to  80  microns,  since 
they  are  rather  large  pieces  of  pure  oxide  ce¬ 
ramic  and  require  slow  heating  and  cooling, 
which  is  conducive  to  grain  growth.  Fully 
dense,  nonporous,  very  fine-grained  pure  alum¬ 
ina  has  a  bend  strength  approaching  100,000 
psi  when  tested  in  Bmall,  thin  samples)  beryllia 
can  be  made  nearly  as  strong.  Such  strengths 
cannot  yet  be  achieved  in  sizable  radomes. 

Toughness  is  another  property  significant  for 
metals  and  plastics  but  with  little  meaning  for 
ceramics.  Although  conventional  swinging-ham¬ 
mer  impact  teat  results  are  occasionally  pre¬ 
sented  for  ceramics,  their  interpretation  is  even 
more  difficult  than  tensile  test  data.  No  attempt 
has  been  made  to  present  impact  test  data  be¬ 
cause  of  the  problems  involving  surface  quality, 
porosity,  geometry,  structure,  and  mechanics  of 
the  test.  In  qualitative  terms,  the  ability  of  a 
ceramic  to  withstand  blows  is  proportional  to 
its  strength.  A  truly  dense,  very  fine-grained 
pure  oxide  such  as  alumina  Is  tough  in  that  it 
is  hard  to  break,  makes  a  fine  cutting  tool,  and 
has  been  made  into  springs. 

Moduli  of  elasticity  can  be  determined  with 
less  ambiguity,  but  are  strongly  influenced  by 
porosity.  Dynamic  methods,  such  as  sonic  tech¬ 
niques,  are  usually  preferred  over  static  meth¬ 
ods,  such  as  bending.  Hardness  measured  by 


Figure  4-1.' Effect  of  Porosity  on  Room-Ttmptralurt 
Bond  Strength  of  Aluminas  (Rtf.  5) 

the  Knoop  indentation  method  discloses  sub¬ 
stantial  differences  among  the  four  ceramics, 
but  the  results  of  various  investigators  are  in¬ 
consistent. 

Close  agreement  and  little  uncertainty  are 
found  in  measurements  of  specific  heat,  thermal 
expansion,  dielectric  properties,  and  resistivity. 
Compositional  and  structural  variations  have 
minor  effects  on  these  properties.  Thermal  con¬ 
ductivity  is  more  difficult  to  measure  and  agree¬ 
ment  is  poorer  between  reported  results,  but 
results  are  affected  mainly  by  porosity  differ¬ 
ences  between  samples. 

In  summary,  most  of  the  property  data  re¬ 
ported  herein  can  be  used  with  confidence  in 
calculations,  but  the  designer  will  do  well  to 
demand  strength  data  determined  on  specimens 
cut  from  shapes  similar  in  size  and  thickness 
to  his  radome  and  tested  by  methods  that  he 
selects. 

4-3  PROPERTIES  OF  ALUMINA  RADOME 
MATERIALS 

Two  different  types  of  alumina  currently 
used  for  radomes  are  differentiated  by  their 
alumina  content  as  97  to  98%  alumina  and 
99%  (or  more)  alumina.  Although  this  classi¬ 
fication  by  composition  is  convenient,  within 
each  of  these  ranges  the  alumina  from  one  man¬ 
ufacturer  may  vary  significantly  from  that  of 
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another.  The  differences  at  room  temperature 
will  be  mainly  caused  by  structural  factors,  such 
as  variations  in  grain  size  and  porosity.  At 
temperatures  in  the  red  heat  range  and  beyond, 
differences  in  content  of  minor  impurities  will 
cause  significant  variations  in  electrical  prop¬ 
erties  and  in  load-carrying  ability. 

Several  manufacturers  offer  high  quality 
monlithic  alumina  radomes.  Their  raw  materials 
are  supplied  from  several  established  sources 
of  refined  aluminas,  so  that  raw  materials  are 
ample,  produced  in  large  volume,  and  quite 
closely  controlled  for  purity  and  particle  size. 
Each  manufacturer,  however,  adds  small  quan¬ 
tities  of  other  oxides  to  control  sintering  and 
grain  growth,  so  that  aluminas  of  the  same 
nominal  alumina  content  can  differ  somewhat 
in  behavior. 

Table  4-2  shows  some  properties  of  the  two 


principal  alumina  compositions  used  for  mono¬ 
lithic  radomes,  as  distinguished  from  sandwich, 
segmented,  and  other  multicomponent  alumina 
radome  structures.  Those  properties  for  which 
elevated-temperature  data  are  available  are 
shown  in  Figs.  4-3  to  4-10. 

Considering  these  data,  it  is  evident  that  the 
97%  alumina  composition  differs  appreciably 
from  the  higher-purity  material.  This  formula¬ 
tion  was  selected  for  the  spray-isostatic  form¬ 
ing  process  because  it  had  minimum  shrinkage, 
about  10%,  during  firing.  This  was  accom¬ 
plished  by  using  a  high  percentage  of  fused  or 
highly  calcined  alumina  particles  in  the  mix. 
This  accomplished  the  desired  low  shrinkage, 
but  resulted  in  substantial  porosity,  lower  di¬ 
electric  constant,  and  lower  strength. 

The  high-purity  formulations,  99%  (or  more) 
alumina,  shrink  more  in  sintering,  thereby  de- 
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Figure  4-2.  Slrenglh-Temperalure-Graln  Size  Surface  far  Denie  Pure  Hot-Preited 

Alumina  IRef.  61 
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TABLE  4-2  PROPERTIES  OF  MONOLITHIC  RADOME  ALUMINAS 


Property 

?T  V.  AiMMiinti 

99%  Alumina 

Nomine!  alumina  content,  % 

97  to  98 

99  to  99.6 

Addition*,  optional 

Si02,  MgO,  CaO 

MgO,  CraO:i 

Apparent  density,  gm/cm3 

3,55  to  3,6 

3.75  to  3.9 

Poroaity,  % 

8  to  12 

2  to  6 

Water  absorption,  % 

0.0 

0.0 

Permeability 

Nil 

Nil 

Hardness,  Knoop,  100-gm  loud,  kg/mm- 

a  1800 

:3s2000 

Compi  jssive  strength,  x  103  psi 

200  to  300 

250  to  over  400 

Poisson’s  ratio 

0.24 

0.28 

Resistivity,  ohm-cm 

Over  J0U 

Over  101  * 

veloping  low  porosity,  higher  dielectric  con¬ 
stant,  and  improved  strength.  Their  loss  tangent 
remains  low  to  higher  temperatures  than  the 
97%  material  because  of  lower  impurity  con¬ 
tent. 

Alumina  radomes  may  be  expected  to  be 
serviceable  up  to  equilibrium  temperatures  of 
over  2000°F,  provided  that  heating  rates  are 
moderate.  The  thermal  shock  resistance  of 
alumina  bodies  is  limited  by  their  relatively  low 
thermal  conductivity,  moderately  high  thermal 
expansion,  and  high  modulus  of  elasticity. 

The  pronounced  effect  of  variations  in  com¬ 
position  upon  loss  tangent  is  evident  from  Fig. 


4-8.  Very  pure  alumina  changes  little  up  to 
2500”F.  The  99%  bodies  change  little  up  to 
2000C'F,  whereas  the  97%  formulation  under¬ 
goes  rapid  increase  in  loss  at  1600°F  to  1800°F, 
The  divergent  results  are  mainly  attributable 
to  differences  in  kind  and  amount  of  impurities. 

Alumina  undergoes  no  transformation  or 
other  change  up  to  the  onset  of  rapid  grain 
growth  in  excess  of  2500°F,  so  that  the  property 
curves  are  smooth,  without  sudden  changes. 
Under  sustained  loads  above  2000°F,  alumina 
undergoes  measurable  creep  or  plastic  deforma¬ 
tion  ;  but  the  brief  exposures  to  high  tempera¬ 
tures,  characteristic  of  radome  service,  ure  un¬ 
likely  to  cause  any  measurable  plastic  flow. 
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EXPANSION  (PERCENT)  MODULUS  OF  ELASTICITY  (10®  PSD 


Figure  4-4.  Modulus  of  elasticity  of  Radomo  Alumina t 


Figuro  4-5.  tlnoar  Thor  mat  Expansion  of  Radomo  Aluminas 


Figaro  4-6.  SpociRc  Hoal  of  Alumina*  IRof.  51 
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CONDUCTIVITY  (BTU/FTZ/HR/FT/°F) 


TEMPERATURE  (»F) 

Figure  4-7.  Dloloctrlc  Conifonl  of  Alumina *  ai  a  Function  of  Tomporaturo 


500  1000  1500  2000  2500  3000 

TEMPERATURE (*FJ 

Flguro  4-8.  loti  Tangonl  of  Alumina*  a*  a  Function  of  tomporaturo 
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4-3.1  POROUS  ALUMINA  AND  SANDWICH 
ALUMINA  MATERIALS 

lake  plastics,  ceramics  can  be  made  in  a 
higUy  porous  form.  The  potential  advantages 
of  porous  ceramics  for  radome  use  include 
weight  savings,  lower  dielectric  constant  than 
the  dense  material,  reduced  heat  conduction, 
and  greater  resistance  to  thermal  shock.  Both 
the  Air  Force  and  the  Navy  have  sponsored 
programs  (References  13  to  17)  to  develop 
porous  or  foamed  ceramics  for  radomes  and  to 
make  sandwich  constructions  with  dense,  im¬ 
pervious  skins  rnd  lightweight,  porous  cores. 
The  Navy  has  supported  “A”  sandwich  alumina 
radome  development  work  at  Interpace.  The 
Air  Force  has  undertaken  similar  work  on  cor¬ 
rugated  and  honeycomb  ceramic  structures. 
Further,  work  on  foamed  core  "A”  sandwich 
ceramics  has  also  been  accomplished  (see 
Paragraph  1-1.2). 

Porous  alumina  shapes  are  produced,  com¬ 
mercially  by  sfeveral ,  manufacturers,  but  the 
application  of  an  integrally  bonded  skin  or  skins 
of  matching  alumina  has  been  a  recent  develop¬ 
ment.  By  the  slip-casting  technique  described 
in  Paragraph  4-8.1.2.2,  radomes  can  be  made 
of  considerable  size,  with  skins  of  dense  96% 
alumina  enclosing  a  core  of  porous  96%  alu¬ 
mina  whose  density  can  be  closely  controlled 
within  limits  of  less  than  one-quarter  to  more 
than  one-third  of  theoretical  density.  Pores  are 
extremely  small  and  uniform,  and  the  core  and 


skins  are  formed  as  a  unit.  Figure  4-11  is  an 
enlarged  cross-section  view  of  this  material  us 
an  “A”  sandwich  and  Fig.  4-12  nVw>W“  the  inter 
face  bet  ween  the  dense  skin  and  the  porous  core 
at  higher  magnification.  Table  4-3  presents  the 
properties  of  the  material  in  the  form  of  an 
“A”  sandwich.  Preliminary  dielectric  properties 
of  skin  and  core  as  a  function  of  temperature 
are  shown  in  Figs.  4-13  and  4-14.  The  effect  of 
temperature  on  the  modulus  of  elasticity  of 
three  different  95%  alumina  “A”  sandwich 
structures  is  shown  in  Fig.  4-16  (Reference  8). 
Rough  qualitative  burner  tests  indicate  that 
the  ceramic  “A"  sandwich  has  substantially 
greater  thermal  shock  resistance  than  dense 
monolithic  alumina.  Rain  erosion  tests  on  the 
rocket  sled  at  Naval  Ordnance  Test.  Station 
(Reference  18)  have  shown  that  a  radome  shape 
consisting  of  dense  outer  skin  0.04  in.  thick, 
backed  by  0.04  in.  of  porous  ulumina  impreg¬ 
nated  with  epoxy  resin,  can  withstand  travel 
at  3000  ft./sec.  in  a  rain  field  equivalent  to 
2  in.,  hr.  Several  program  are  evaluating  this 
alumina  sandwich  material  for  new  missiles 
because  of  its  availability  at  effective  dielectric 
constant  of  about  3  and  its  success  in  forming 
small  experimental  radomes,  such  as  those  pro¬ 
duced  in  the  Glendale  Research  Center  of  In¬ 
ternational  Pipe  and  Ceramics  Corp.  Some  de¬ 
sign  cons?  'orations  for  this  ceramic  sandwich 
have  been  published  (Reference  19), 

Other  attempts  to  apply  dense  surface  layers 
to  porous  ceramics  have  involved  eSetrophoretic 


Figure  4- 1 0.  Normal  Total  Emlttane *  of  Aluminas 
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Figur,  4-11.  Interface  Between  Dome  Alumina 
Skin  and  Parous  Alumina  Core:  Magnification  IOOX 

deposition  and  spraying.  Results  were  unprom¬ 
ising;  the  skins  were  rough  and  tended  to 
penetrate  into  the  porous  core. 

4-3.2  PROPERTIES  OF  MOSAIC  ALUMINA 
CONSTRUCTION 


Flgur*  4-72.  enlarged  View  of  Crott-tecllon  of 
95%  Alumina  “A”  Sandwich  Skint  0.023 -In.  Thick: 
Care  0.207-In.  Thick  IDentlty  1 .3  gm-cm  ~s)f 
Magnification  I  OX 


The  Air  Force  has  sponsored  a  project  to 
assemble  alumina  segments  or  mosaics  into  a 
large  radome  structure  by  joining  the  individ¬ 
ual  pieces  with  ceramic  cement  (Reference  20). 
The  objective  is  to  fabricate  very  large  radomes 
that  would  be  impracticable  by  tfee  convention¬ 
al  techniques  for  manufacturing  monolithic 
radomes.  Cementing  formulations  have  been 
developed  that  form  strong  bonds  between 
97.6%  alumina  pieces  accurately  ground  to  fit 
together  into  ogive  shapes,  assembled,  and  then 
sintered  to  mature  the  cement  bond.  Several 
adhesives  were  evaluated*-  with  a  magnesium- 
aluminosilicate  selected  as  best,  Tooling  to  sup¬ 
port  the  alumina  tiles  and  cement  during 
sintering  was  made  of  high-silica  refractory 
castable.  Properties  of  the  selected  adhesive  and 
of  alumina  samples  bonded  with  it  are  shown 
in  Table  4-4. 


Another  approach  to  the  problem  of  large 
ceramic  radomes,  that  of  sectionalized,  struc¬ 
turally  supported  radomes,  is  being  explored  as 
part  of  the  Air  Force  program  to  develop  light¬ 
weight  ceramic  radomes  (Reference  21). 

4-3.3  COMPOSITE  PLASTIC-ALUMINA  RADOMES 

Rain  erosion  rapidly  destroys  glass  fiber- 
reinforced  plastic  radomes  at  velocities  exceed¬ 
ing  Mach  1  (see  Paragraph  3-2),  The  erosion 
damage  is  most  severe  at  the  extreme  tip.  An 
erosion-proof  protective  cap  on  the  tip  extends 
the  useful  life  of  glass-resin  radomes  to  higher 
speeds.  Since  alumina  has  been  demonstrated 
to  be  the  material  that  is  most  resistant  to  -n  in 
erosion  while  having  good  electrom-  ,•  >- 
transmission  properties,  the  problem  de¬ 
tecting  the  tips  of  glass-plastic  radomes  with 
thin  alumina  caps  is  under  study. 


269 


o  2.9 

y 

«  2.6 

I  » 

5  2.6 
Ui 

8  2.5 


1000  1500  2000 

TEMPERATURE  <»F) 


Figure  4-13.  Approximate  Dielectric  Constants  of  95%  Alumina  Sandwich 
and  Care  Materials  Core  Penally  1.29  gm/cm3  at  10  gc 


TABLE  4-3  PROPERTIES  OF  95%  ALUMINA  “A”  SANDWICH  MATERIALS 


Property 

Skin 

Cor* 

"A"  Sandwich 

Cora  1.3  gm/cm* 

Density,  gm/cm8 

3.7  ±  0.15 

1.3  ±  0.15 

* 

Porosity,  % 

r  ±  1 

00  ±  3 

Water  absorption,  % 

0.0 

SB  ±  5 

0.0  as  radoma 

Modulus  of  rupture,  psi  x  108 

SO  to  45 

2  to  4 

10  to  20* 

Linear  thermal  expansion, 

(76°  F  to  1300’F)  X  10-«/-F 

4.3  ±  0.3 

4.3  ±  0.3 

4.3  ±  0,3 

Hardness,  Knoop,  kg/m m3 

a*1800 

*  Depends  upon  relative  thicknesses  of  skin  and  core. 
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Figure  4-1 4.  Approximate  Lost  Tangent t  of  95%  Alumina  Sandwich  Skin  and 
Core  Materlalt:  Core  Penalty  1 .29  gm/cm 3  all  0  gc 


One  Navy  project  is  directed  toward  fabri¬ 
cation  of  a  ceramic-coated  plastic  radome  by 
electrophoretic  deposition  (Reference  22).  Th's 


ic  shell  0.01  to  0.02  in.  thick  by  depositing  an 
alumina  ceramic  electrophoretically  upon  a  re¬ 
fractory  metal  radome  mandrel,  sintering  this 
while  on  the  mandrel,  removing  after  support¬ 
ing  with  a  temporary  outer  layer  of  plastic, 
then  preparing  the  plastic  lay-up  inside  the 
ceramic  shell  and  removing  the  outer  support¬ 
ing  layer.  Flat  and  small  samples  have  been 
successfully  made. 

Another  approach  being  studied  is  flame  or 
arc  plasma  spraying  of  an  alumina  layer  upon 
a  plastic  radome.  Rain  erosion  sled  tests  on 
such  coated  radomes  have  not  yet  shown  the 
desired  degree  of  resistance  to  damage,  but  con¬ 
tinued  improvements  in  technique  may  make- 
flame-sprayed  coatings  adequately  rain  resist- 
tant. 

A  modification  of  the  sandwich  technique 
described  in  Paragraph  4-3.1  permits  the  forma¬ 
tion  of  thin-walled,  dense,  fully  sintered  alu¬ 
mina  shells  up  to  about  6  in.  high  by  5  in.  in 
base  diameter,  with  wall  thickness  of  0.02  to 
0.026  in.  These  are  being  experimentally  ap¬ 
plied  to  plastic-  and  inorganic-bonded  glass  ra¬ 
domes  for  erosion  testing. 


TABLE  4-4  TYPICAL  PROPERTIES  OP 
ADHESIVES  AND  JOINTS  BETWEEN 
97.6%  ALUMINA  TILES 


Property 

Room 

Tompcrotur* 

1000  V 

Joint  lap  shear  strength,  psi 

11,200 

10,000 

Solid  compressive  strength,  psi 

49,000 

Joint  tensile  strength,  psi 

10,400 

Joint  flexural  strength,  psi 

21,600 

Dielectric  constant  (0.375  gc) 

Solid  adhesive 

5.86 

6.79 

Composite  joint 

8.26 

8.70 

Lobs  tangent  (9.875  gc) 

Solid  adhesive 

0.0154 

0.0815 

Composite  joint 

0.0009 

0.0032 

Thermal  expansion, 

micro-in. /in. /*F 

Room  temperature  to  1000°F 

3.6 

4-4  PROPERTIES  OF  GLASS-CERAMIC 
RADOME  MATERIALS 


D n  1 1 »  4 m1«—  . !  .. 

’-'“V  ^w***»**ft  p*wuuvv a  fttctoo-ivi  ctiiiii  in- 

domes,  sold  under  the  trademark  Pyroceram. 
While  there  are  many  compositions  of  glass- 
ceramics,  the  formulation  used  to  date,  Corn¬ 
ing  Code  9606,  is  the  only  one  that  has  been 
extensively  used  and  evaluated. 


As  discussed  in  Paragraph  4-9,  glass-ceramics 
are  unique  in  that  they  are  melted  and  shaped 
as  a  true  glass,  then  heat  treated  to  cause  many 
tiny  crystals  to  grow  from  nuclei,  until  most 
of  the  volume  consists  of  this  crystalline  phase, 
within  which  is  a  small  amount  of  residual 
glass.  The  amount  of  this  glass  and  its  composi¬ 
tion  have  an  important  effect  on  high-tempera¬ 
ture  strength  and  electrical  properties. 

Unlike  other  radome  ceramics,  glass-ceramics 
are  very  fine-grained  and  are  free  from  poros¬ 
ity.  Therefore,  the  effects  of  these  factors  need 
not  be  considered  when  appraising  data  on  this 
product.  On  the  other  hand,  the  mechanical 
property  data,  especially  strength,  are  closely 
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Figure  4-15.  Modulus  of  Elasticity  of  95%  Alumina 
"A”  Sandwich  Material  (Rtf.  8) 
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dependent  upon  the  manner  in  which  the  sur¬ 
face  has  been  prepared  and  the  depth  and  size 
of  grinding  scratches.  Tests  are  generally  per- 

-  i  . _i  _  _ -j  ~~ j 

lOttltUU  Uli  K1VUUM  ***p^v* 

and  out  in  the  same  manner  as  a  radome. 

Table  4-1  contains  typical  physical  properties 
of  Pyroceram.  Figures  4-16  to  4-24  show  the 
effects  of  temperature  upon  some  properties  of 
Pyroceram  (Reference  23). 

The  data  on  this  glass-ceramic  shows  that 
it  embodies  a  number  of  very  important  charac¬ 
teristics.  The  dielectric  constant  increases  very 
little  with  temperature  up  to  at  least  2100"F, 
and  the  loss  tangent  begins  to  increase  rapidly 
at  about  1500r,F.  The  linear  thermal  expansion 
and  thermal  conductivity  of  Pyroceram  are  rel¬ 
atively  low,  The  curves  showing  the  effects  of 
temperature  upon  modulus  of  elasticity  and 
Poisson’s  ratio  show  a  pronounced  abnormality 
at  about  800°F. 

The  satisfactory  thermal  shock  resistance  of 
Pyroceram  has  been  confirmed  by  service  ex¬ 
perience  on  numerous  production  missiles  and 


by  a  production  control  test,  utilized  by  Corn¬ 
ing,  i  i  which  each  radome  is  plunged  into  a 
molten,  circulating  salt  bath.  Weak  or  defective 
ri‘domen  will  c?*Hck  ?.T>d 

One  quality  of  glass-ceramics  that  facilitates 
inspection  and  discovery  of  defects  is  the  trans¬ 
parency  of  the  material  after  it  has  been  formed 
and  before  tho  final  heat  treatment  that  causes 
crystallization  and  converts  it  into  an  opaque 
substunce.  Examination  by  transmitted  light 
will  disclose  inclusions,  voids,  and  other  defects. 

The  relatively  low  hardness  of  Pyroceram 
necessitates  protection  of  finished  radomes 
against  scratching  and  other  mechanical  dam¬ 
age  due  to  contact  with  other  objects,  especially 
on  tiie  inside  surface,  where  stress  concentra¬ 
tions  are  at  a  maximum  during  uerodynamic 
heating. 

As  with  the  other  ceramics  used  for  radomes, 
glass-ceramic  is  not  affected  by  fungus,  bacteria, 
or  weathering  agents  during  prolonged  storage 
under  extreme  conditions,  The  mounting  area 
is  vulnerable  to  long  term  static  louding  failure, 


Figure  4-16.  Modulus  of  Rupture  of  Pyroceram 


Figure  4- 1 7.  Modulus  of  Elasticity  of  Pyrocorom  by  Sonic  Method 
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Flgur*  4-1 8.  Poltton't  Hallo  o I  Pyrocoram 


z 


and  care  must  be  taken  in  design  to  place  the 
ceramic  in  compression  and  avoid  inducing  ten¬ 
sile  stresses. 

As  with  glass,  the  strength  of  gluss-ceramics 
is  very  sensitive  to  surface  finish.  Ground  sur¬ 
faces  give  values  lower  than  those  Bhown,  which 
are  for  chemically  treated  surfaces. 

Corning  has  indicated  that  a  new  glass-ce¬ 
ramic  under  development  has  improved  thermal 
shock  resistance  because  of  its  reduced  thermal 
expansion  —  approximately  one-half  that  of 
Pyroceram.  This,  plus  higher  strength  at  ele¬ 
vated  temperatures,  provides  three  times  the 
thermal  shock  resistance  of  Pyroceram.  No 
claims  are  made  for  serviceability  at  higher 
temperatures.  The  new  material  has  been  made 
only  in  laboratory  quantities. 


4-5  PROPERTIES  OF  FUSED  SIUCA 

4-5.1  VITREOUS  SILICA 

Fused  silica  is  commercially  available  in  two 
form s.  The  older  and  better-known  form  is 
vitreous  silica,  which  is  a  clear  or  milky  glass, 
completely  noncrystalline,  formed  by  melting 
and  shaping  quartz  or  other  quite  pure  silica 
materials.  Vitreous  silica  has  been  used  for 
small  electromagnetic  windows,  especially  for 
those  undergoing  conditions  of  extreme  thermal 
shock,  as  in  reentry.  Of  all  ceramids  and  glasses, 
vitreous  silica  has  by  far  the  greatest  resistance 
to  thermal  shock  because  it  undergoes  almost 
no  expansion  or  contraction  during  heating  and 
cooling. 
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Figure  4-21.  Spoclfic  Hoat  of  Pyrotoram 
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Flguro  4-23.  Dlolotlrlt  Conilant  of  Pyrotoram 
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TABLE  4-5  PHYSICAL  PROPERTIES  OF  VITREOUS  SILICA 


Apparent  density,  gm/cms 

2.2 

Furuoily,  ye 

u.uu 

Water  absorption,  % 

0.00 

Gas  permeability 

Nil 

Hardness,  Knoop,  100-gm  load,  kg/mm2 

660 

Bend  strength,  psl  (abraded  specimon),  at  77“F 

7160 

Modulus  of  elasticity  (Young’s  modulus),  psi  x  10« 

10.6  at  77“  F 

Poisson’s  ratio,  at  77“  F 

0.10 

Dielectric  constant,  10fl  and  tOl()  cps, 

From  room  temperature  to  SOO'F 

3.86 

Loss  tangent,  cps  X  10« 

0.00002  to  660“F 

0.0001  at  730“  F 

0.001  at  915“F 

Specific  heat,  Btu/lb/’F 

0.17  at  77“F 

Coefficient  of  linear  thermal  expansion,  to  500“F,  (in./in./'F)  x  10- n 

0.31 

Thermal  conductivity,  Btu/ft2/hr/ft/*F  at  77* F 

0.77 

Important  properties  of  clear,  vitreous, 
wholly  dense  fused  silica  are  given  in  Table  4-6 
(Reference  28), 

While  telescope  lens  blanks  larger  than  any 
ceramic  radome  have  been  made  of  vitreous 
Bilica,  it  is  improbable  that  missile  radomes  will 
be  fabricated  from  vitreous  silica.  Its  low 
strength  and  especially  its  glassy  brittleness 
make  it  vulnerable  to  rain  erosion  and  handling 
damage,  and  its  fabrication  cost  would  be  ex¬ 
cessive.  Also,  its  high  thermal  conductivity 
would  require  internal  insulation  for  protection 
of  electronic  equipment. 

4-5.2  SINTERED  FUSED  SILICA 

Another  form  of  silica  is  produced  by  wet¬ 
grinding  fused  vitreous  silica  to  a  powder, 
shaping  it  to  a  desired  form  by  slip-casting  in 
a  plaster  mold,  then  sintering  it  to  bond  the 
particles  into  a  strong,  coherent,  porous  solid. 
The  resulting  material,  termed  sintered,  fused 
silica  to  distinguish  it  from  vitreous  silica,  is 
inexpensively  shaped  into  large  or  complex 
forms  and  has  most  of  the  advantages  of  vitre- 
qub  silica. 

Sintered  fused  silica  must  be  regarded  as  a 
candidate  for  radome  use,  rather  than  as  an 
established  radome  ceramic.  At  this  time,  it 
has  not  been  accepted  for  use  on  uny  missile. 


Very  substantial  research  and  development  ef¬ 
fort  has  been  applied  to  its  processing  and 
property  evaluation,  mainly  at  the  Engineering 
Experiment  Station  of  Georgia  Tech.  Numerous 
publications  (summarized  in  Reference  2)  have 
emanated  from  the  studies  and  the  results 
have  given  impetus  to  detailed  consideration 
of  sintered  fused  silica  for  missiles.  Its  out¬ 
standing  resistance  to  severe  thermal  shock, 
such  as  developed  under  reentry  conditions,  has 
been  demonstrated  and  large  radome  shapes 
have  been  successfully  made  and  subjected  to 
various  tests.  The  raw  material,  fused  silica, 
as  powder  or  slip,  is  available  from  several 
sources  and  several  ceramic  manufacturing 
companies  have  applied  the  results  from 
Georgia  Tech  to  produce  radomes  and  other 
shapes.  Its  ready  availability,  together  with  its 
ease  of  fabrication  and  probable  low  cost,  have 
stimulated  several  missile  contractors  to  work 
with  this  material. 

The  physical  properties  of  sintered  fused 
silica  have  been  determined  in  as  a  great  detail 
as  have  those  of  the  other  ceramics  discussed. 
One  reason  Is  that  the  material  is  quite  sensi¬ 
tive  to  variations  in  time  and  temperature  of 
sintering,  so  that  a  “standard”  material  has 
been  fully  defined.  The  explanation  for  this 
sensitivity  lies  in  the  mechanism  postulated  for 
the  process  of  sintering  the  silica  particles.  It 
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TABLE  4-6  PHYSICAL  PROPERTIES  OF  SLIP-CAST  SINTERED  FUSED  SILICA 


Geerfle  Tech 

Coming 

Cod*  7941 

Apparent  density,  gm/cms 

1.0  to  1.98 

1.9  to  2.1 

Porosity,  void  volume,  % 

14  to  16 

2.6  to  12 

Water  absorption,  % 

7  to  8’ 

1  to  6 

Permeability 

Permeable 

Bend  strength  (modulus  of  rupture),  psi 

4600 

6300 

Compressive  strength,  psl 

17,000 

.... 

Modulus  of  elasticity  (Young’s  modulus),  psi  X  10* 

S.8 

6  to  8.6 

Poisson’s  ratio 

0.15 

Tensile  strength,  psi 

8600 

.... 

Dielectric  constant 

- 

Frequency,  gc 

10 

8.6 

Constant 

3.17*,  8.88** 

3.32 

Loss  tangent 

Frequency,  gc 

10 

8.6 

Tangent 

0.0002*,  0.0008** 

0.0007  to  0.0016 

Specific  heat,  Btu/lb/'F 

0.16 

0.18 

Coefficient  of  linear  thermal  expansion,  in./WF 

o.a 

0.8 

Thermal  conductivity,  Btu/ft'J/h«7ft/*F 

0.36 

0.6 

Thermal  diffusivlty,  ftVhr 

0.018 

0.026 

*  See  Reference  2. 
**  See  Reference  24. 


is  believed  that  the  development  of  a  strong 
bond  between  the  individual  particles  of  silica 
requires  the  generation  of  at  least  a  small 
amount  of  a  crystalline  form  of  silica  known 
as  cristobalite.  Cristobalite  forms  when  vitreous 
silica  is  heated  to  temperatures  in  the  vicinity 
of  2000°F  and  greater.  Its  formation  is  a  time- 
temperature  function;  the  hotter  it  becomes,  the 
faster  it  forms,  up  to  perhaps  2600C'F.  When  the 
slip-cast  article  is  heated  to  its  sintering  tem¬ 
perature  of  2100°F  to  2200°F,  cristobalite  forms 
first  at  the  exterior  of  each  tiny  fused  silica 
grain.  If  the  sintering  time  is  carefully  limited, 
only  enough  forms  to  make  a  good  bond  between 
the  grains. 

Cristobalite  is,  however,  very  undesirable  in 
larger  quantities.  Its  thermal  expansion  is  far 
greater  than  thut  of  fused  silica,  so  that  its 


presence  in  appreciable  amounts  is  ruinous  to 
thermal  shock  resistance.  The  art  of  sintering 
consists  of  balancing  conditions  to  develop  ade¬ 
quate  strength  without  seriously  degrading 
thermal  shock  resistance.  The  parameters  are 
now  quite  well  defined  and  reproducible  prop¬ 
erties  are  readily  developed. 

Published  data  on  sintered  fused  silica  are 
issued  mainly  from  the  work  at  Georgia  Tech. 
Data  on  a  similar  material  have  been  published 
by  Corning  (Reference  23).  The  data  from 
Georgia  Tech  represent  bodies  sintered  8-1/3 
hr  at  2200°F;  processing  details  of  the  Coining 
body  are  not  given.  Table  4-6  compares  the 
data  from  the  two  sources,  at  room  tempera¬ 
ture,  unless  otherwise  indicated.  Figures  4-26 
to  4-81  present  available  elevated-temperature 
property  data. 
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Figure  4-26.  Poltton' t  Ratio  of  Sllp-Catt  Sintered  Fated  Silica  IRef.  23) 
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Figure  4-27.  Thermal  Conductivity  of  Slip-Cat  I  Sintered  Fated  Silica 


Certain  characteristics  of  sintered  fused 
silica  are  immediately  evident: 

1.  Very  low  thermal  expansion,  conferring 
extremely  high  resistance  to  thermal 
shock 

Low  .strength,  from  400  to  7000  psi 
Low  thermal  conductivity 
Low  specific  gravity 

Good  dielectric  properties  up  to  fairly 
high  temperatures 
Porosity  and  permeability 
Without  some  form  of  impervious  surface 
layer,  sintered  fused  silica  would  be  vulnerable 
to  moisture  penetration  and,  therefore,  not 
suitable  for  radome  use.  Fortunately,  the  low 
thermal  expansion  of  silica  makes  possible  a 
special  technique  for  coating  its  surface,  simply 
by  rapidly  fusing  the  surface  by  high-intensity 


2. 

3. 

4. 

5. 

6. 


heat  sources,  such  as  oxyacetylene  flames  or 
arc  plasma  torches,  if  the  surface  fusion  opera¬ 
tion  is  carefully  conducted,  a  thin  layer  of 
fused  vitreous  silica  is  formed  that  is  impervi¬ 
ous  and  seals  the  porous  structure  against 
moisture  penetration.  The  fused  skin  is  chem¬ 
ically  identical  to  the  rest  of  the  radome,  so 
that  there  is  no  problem  of  matching  thermal 
expansion  of  skin  and  core.  Techniques  have 
been  developed  for  rotating  a  radome  beneath 
a  high-intensity  heat  source  to  melt  and  solidify 
progressively  an  overlapping  spiral,  and  thus 
eventually  coat  the  whole  structure  with  a 
layer  of  rapidly  melted  and  chilled  vitreous 
silica  (Reference  2). 

Another  approach  is  to  seal  the  surface  with 
a  glaze-like  material  whose  coefficient  of  ther¬ 
mal  expansion  is  low  enough  to  match  the 
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Flguro  4-29.  Thermal  Cxpamion  of  Sllp-Catt  Slnlorod  Futod  Silica  (Ref.  231 
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Figure  4-32.  Comparlton  of  Effective  Emlttane e  vi  Corrected  Surface  Temperature 
of  S lip-Catt  Fated  Silica  with  and  without  Chromium  Oxide 


sintered  fused  silica.  International  Pipe  and 
Ceramics  Corporation  has  made  such  a  coating 
available  for  testing. 

Much  effort  at  Georgia  Tech  has  been  devoted 
to  modifying  sintered  fused  silica  by  additives 
that  will  improve  its  abla'ion  resistance  and 
increase  its  thermal  emittance,  and  that  will 
make  F  suitable  for  short-time  resistance  to 
tempera-ares  of  3600°P  to  4000°F  that  develop 
under  reentry  conditions.  This  work  has  been 
carried  out  under  Air  Force  sponsorship.*  It 
has  been  demonstrated  that  CraOu  in  quantities 
of  about  24/2%,  is  the  one  additive  that  con¬ 
fers  significantly  improved  emittance  and  abla¬ 
tion  resistance,  the  effective  emittance  of  slip- 
cast  fused  silica  and  slip-cast  silica  plus  2-1/2% 
Cra0.s  was  reported  in  Reference  2  and  is  shown 
in  Fig.  4-82, 

The  low  strength  of  sintered  fused  silica 
has  discouraged  many  potential  users,  who  fear 
it  would  not  stand  ordinary  handling.  Corning 
states  that  it  has  developed  a  chemical  treat¬ 
ment  for  sintered  fused  silica  that  increases  its 
bend  strength  to  17,000  psi;  it  appears  that 
this  development  has  not  yet  been  evaluated 
on  actual  radomes.  In  contrast  to  alumina, 
which  may  require  all  of  its  strength  for  ther¬ 
mal  loading,  slip-cast  fused  silica  requires  very 
little  strength  for  thermal  loading.  Practically 
all  of  its  strength  is  available  for  structural 
and  aerodynamic  loading.  Also,  the  strength  of 


*  AP  33(6G7)-11604,  Air  Force  Avionics  Laboratory, 
RTD,  Wright-Patterson  Air  Force  Base,  Ohio, 


slip-cast  fused  silica  increases  with  tempera¬ 
ture,  and  above  2000°F,  its  strength  is  com¬ 
parable  to  alumina. 

The  low  thermal  conductivity  of  sintered 
fused  silica  permits  the  surface  to  be  intensely 
heated,  up  to  incipient  or  actual  fusion,  while 
the  bulk  of  the  radome  stays  at  a  temperature 
at  which  strength  is  sufficient  to  maintain 
structural  integrity.  Although  long-term  ex¬ 
posure  to  temperatures  above  2000°F  to  2200°F 
will  cause  crystallization  (devitrification),  loss 
of  toughness  and  heat  shock  resistance,  rapid 
heating  for  short  periods  can  be  carried  to 
much  higher  temperatures. 

Rain  erosion  tests  on  a  sled  at  speeds  ap¬ 
proaching  Mach  3  revealed  that  this  material 
erodes  considerably  in  a  rain  field  at  such  speeds, 
but  that  radomes  will  survive  if  the  nose  thick¬ 
ness  is  made  substantial  enough  to  tolerate  such 
erosion.  The  mechanical  strength  of  the 
radomes  was  entirely  adequate  to  withstand 
the  severe  vibrations  encountered  during  the 
sled  runs,  estimated  to  generate  vertical  ac¬ 
celerations  up  to  100  g’s.  The  presence  of  a 
fused,  impervious  surface  skin  did  not  seem  to 
have  a  major  effect  upon  rain  erosion  resist¬ 
ance. 

The  extreme  thermal  shock  resistance  of 
sintered  fused  silica  hus  been  abundantly  dem¬ 
onstrated.  When  tremendous  heat  fluxes  must 
be  withstood  for  relatively  short  times,  as  in 
reentry,  there  is  little  doubt  that  this  material 
warrants  thorough  service  testing, 
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4-6  PROPERTIES  OF  BERYLUA  RADOME 

U  ATCDI  Al  C 

The  general  mechanical  properties  of  beryllia 
are  those  of  a  sintered  oxide  ceramic.  It  iB 
brittle,  with  no  measurable  ductility  exc4>t  at 
very  high  temperatures.  It  is  hard,  capable  of 
a  high  surface  finish  by  diamond  grinding, 
dimensionally  and  physically  stable  to  very  high 
temperatures,  and  very  acceptable  from  a  dielec¬ 
tric  standpoint.  Its  unique  property  is  its  high 
thermal  conductivity,  especially  at  moderate 
temperatures.  In  this  ability  to  conduct  heat, 
it  exceeds  all  ceramics  and  most  metals  at  tem¬ 
peratures  up  to  the  red  heat  range.  Its  con¬ 
ductivity  decreases  very  quickly  with  increasing 
temperature,  so  that  its  outstanding  superiority 
disappears  at  high  temperatures. 

Beryllia’s  mechanical  strength  is  only  slightly 
less  than  that  of  alumina.  However,  great  pro¬ 
gress  has  been  made  toward  obtaining  higher 
strengths.  Part  of  this  improvement  has  been 
achieved  by  going  to  a  high  purity;  this  has 
offsetting  disadvantages,  however,  such  as 
higher  sintering  temperature  and  more  distor¬ 
tion.  As  with  alumina,  it  is  difficult  to  state  a 
representative  value  for  modulus  of  rupture. 
Beryllia  manufacturers  now  claim  values  of 
35,000  to  40,000  psi  on  small  specimens  fired 
with  larger  objects.  This  compares  with  values 
of  45,000  to  60,000  psi  claimed  for  similar  small 


samples  of  -alumina  with  00%  (or  higher) 
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ing  cycles  needed  for  large  radomes  would  lead 
to  grain  growth  that  would,  in  turn,  result  in 
iower  transverse  rupture  strengths,  perhaps 
25,000  to  30,000  psi  for  beryllia  and  35,000 
to  45,000  psi  for  alumina. 

Beryllia  has  a  relatively  high  coefficient  of 
thermal  expansion  as  compared  to  the  other 
ceramic  radome  materials.  This  offsets  to  some 
degree  the  beneficial  effect  upon  thermal  shock 
resistance  conferred  by  its  extraordinary  ther¬ 
mal  conductivity. 

Table  4-1  contains  the  properties  of  beryllia 
of  importance  from  a  radome  standpoint,  and 
Figs.  4-83  to  4-40  show  the  effect  of  tempera¬ 
ture  on  some  of  these  properties.  There  is  good 
agreement  among  the  cited  sources  of  most  of 
the  data;  the  principal  uncertainty  remains 
that  of  bend  strength  or  modulus  of  rupture, 
as  mentioned  earlier.  No  recent  data  were 
found  on  the  effect  of  elevated  temperatures 
upon  strength  properties  of  jryllia  with  high 
density  and  purity.  The  summary  of  refractory 
ceramics  prepared  by  Battelle  under  Air  Force 
sponsorship  (References)  graphically  suggests 
that  strength  in  tension  is  only  slightly  lower 
at  about  2000°F  than  at  room  temperature, 
but  much  iower  at  2500°F,  whereas  compres¬ 
sive  strength  may  decrease  by  nearly  50%  at 
only  1000°F. 


Figure  4-33.  Approximate  Modulus  of  Rupture  of  Radome  Beryllia,  99%  Pure, 

95%  Dense  (Ret.  25) 
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Figure  4*94.  Modulus  of  Elasticity  of  Bor/Ilia 


The  dielectric  constant  of  beryllia  increases 
gradually  with  temperature,  increasing  by  only 
about  30%  up  to  at  least  3000°F,  with  a  rate 
of  change  similar  to  alumina.  See  Fig.  4-39. 
The  loss  tangent  is  sensitive  to  minor  impuri¬ 
ties.  High-purity  beryllias  do  rot  undergo 
rapid  increase  in  loss  below  2400°F  to  2600°F, 
but  other  beryllia  samples  only  slightly  less 
pure  may  undergo  an  excessive  increase  in  loss 
tangent  below  2000°F.  At  lower  frequencies, 
the  loss  tangent  starts  to  increase  rapidly  at 
slightly  lower  temperatures.  Note  that  such 
measurements  are  made  under  isothermal  con¬ 
ditions,  whereas  in  a  radome  there  is  generally 
a  thermal  gradient,  so  that  most  of  the  ceramic 
is  substantially  coole:  than  the  tip  and  outer 
surface.  Such  gradients  will  be  appreciable 
even  in  a  good  thermal  conductor  such  as  beryl¬ 
lia;  Fig.  4-36  shows  that  thermal  conductivity 
in  the  red  heat  range  is  only  a  small  fraction, 
10%  to  16%  of  the  room  temperature  conduc¬ 
tivity. 

Beryllia  ceramic  producers,  striving  for 
higher  purity  and  density,  have  made  signi¬ 
ficant  improvements  in  strength  and  dielectric 
loss  properties.  Even  more  significant  has  been 
the  progress  in  reducing  the  lack  of  reproduc¬ 
ibility  of  properties  that  was  a  problem  in 


earlier  efforts  to  promote  beryllia.  Improved 
controls  over  raw  materials  processing  and 
ceramic  fabricating  have  been  effective  in 
minimizing  variations  from  lot  to  lot  and  from 
piece  to  piece. 

There  is,  then,  no  doubt  that  beryllia  can  be 
fabricated  into  radomes  with  excellent  prop¬ 
erties.  Cost  will  be  the  major  problem,  not 
only  because  the  raw  materials  arc  expensive, 
but  because  beryllia  is  a  health  hazard  and 
requires  an  unusually  high  sintering  tempera¬ 
ture.  Also,  for  large  radomes,  the  high  firing 
temperature  and  high  shrinkage  would  further 
increase  the  cost  of  such  radomes. 

4-7  PROPERTIES  OF  INORGANIC-BONDED 
GLASS  FIBER  LAMINATES 

A  project  to  develop  a  glass  fiber  laminate 
using  an  inorganic  binder  to  provide  resistance 
to  hign  temperatures  has  been  sponsored  by 
the  Air  Force  at  the  Brunswick  Corporation, 
Defense  Products  Division  (Reference  23). 
The  objective  is  to  produce  a  radome  capable 
of  prolonged  service  at  temperatures  up  to 
1200°F. 

Techniques  have  been  developed  to  bond  re¬ 
fractory  glass  fibers  by  aluminum  phosphate 
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formed  by  the  reaction,  in  situ,  of  aluminum 
hydroxide  and  phosphoric  acid.  Radomes  of 
considerable  size  have  been  made,  as  shown  in 
Fig.  4-41,  and  physical  properties  have  been 
determined,  as  shown  in  Table  4-7. 

The  problem  of  low  flexural  strength  values 
at  temperatures  around  600°F  is  causing  con¬ 
cern  and  is  being  studied.  Strength  loss  during 
aging  at  elevated  temperatures  is  also  receiving 
further  study  through  the  use  of  low-expan¬ 
sion  fillers. 

Techniques  for  protecting  radome  shapes  of 
this  material  against  rain  erosion,  such  as  the 
use  of  nose  caps  of  thin  alumina  or  metal,  are 
being  studied,  and  the  material  is  being  pro¬ 
posed  for  use  in  new  missiles. 

Work  on  a  similar  formulation,  using  vitre¬ 


ous  silica  fibers  instead  of  refractory  glass, 
was  carried  out  by  General  Electric  under  Navy 
sponsorship  ( Reference  29).  Phosphate-bonded 
silica  fibers  had  good  short-time  properties  at 
1000  °F,  but  weakened  severely  upon  prolonged 
heating  at  that  temperature. 

Another  approach,  using  vitreous  silica  fibers 
filament-wound,  bonded  with  silica,  then  cured 
and  impregnated  with  acrylic  resin,  was  studied 
at  Lockheed  Missiles  and  Space  Company  (Ref¬ 
erence  30).  The  resin  was  to  provide  trans¬ 
piration  cooling  in  the  outer  layer,  which  was 
backed  by  a  low-density  insulating  inner  shell 
of  randomly  oriented  silica  fibers  bonded  with 
a  silica  binder. 

The  availability  of  small  quantities  of  alu¬ 
mina  whiskers  or  monocrystalline  fibers  a  few 
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Figure  4-36.  Thermal  Conductivity  of  Btryllla  at  a  Function  of  Tomporaturo 


Flguro  4 -37.  Specific  Hoot  of  Boryllla  at  a  Function  of  Temperature  (Hot.  51 
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LOSS  TANGENT 


Flgurt  4-38.  Normal  Total  Bmlttanco  of  Boryllla  fltof.  12) 


Figaro  4-39.  DMidrlc  Conifanf  of  Radomo  Boryllla* 


Figaro  4-40.  Lou  Tangent  of  Boryllla  oi  a  Function  of  Tomporaluro 
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TABLE  4-7  INTERIM  PROPERTIES  OF  GLASS  REINFORCED  ALUMINUM 
PHOSPHATb  mAJeitiAi.* 


TeMiMialiifi 

Room 

400  "!> 

iooo*s 

1100*1: 

iaoo*F 

Flexural  strength,  psi  X  10* 

30 

16 

25 

Tensile  strength,  psi  x  10;1 

30 

24 

6 

Compressive  strength,  psi  X  10» 

5 

7 

Flexural  modulus,  psi  X  10“ 

4 

2 

4 

Thermal  expansion 

Dielectric  constant,  gc  x  10 

3.4 

3.6 

3.0 

3.6 

Loss  tangent,  gc  x  10 

0.008 

0.01  , 

0.016 

0.02 

Averagn  thermal  expansion  to  1200"  F 

Parallel  to  ply,  X10~#/*F 

2.2 

Perpondlculur  to  ply,  xl0~n/’F 

6.0 

Thermal  conductivity  to  1200'F,  Btu-ln,/hi7ft-/“F 

4.3 

Specific  heat  (600‘F),  Btu/lb/”F 

c*0.2 

Specific  gravity 

1.8 

Moisture  absorption,  %  (24  hours,  after  200  hours  at  1000'F) 

0.63 

*  Made  with  Owens  Corning  S-094  glass  fibers  coated  with  Dow  Corning  805  silicone  resin,  woven  as 
style  143  fabric. 


microns  in  diameter  hao  stimulated  efforts  to 
use  them  as  reinforcing  agenttt  in  ceramic  or 
inorganic  polymer  structures.  An  Air  Force 
project  haB  been  carried  out  with  Horizons, 
Inc.  to  incorporate  alumina  filaments  into  a 
radome  structure  (Reference  SI).  Such  fila¬ 
ments  have  tensile  strengths  in  excess  of 
200,000  psi;  the  problem  is  to  utilize  such 
strength.  Ceramic  materials  and  cements  tend 
to  react  destructively  with  the  filaments  when 
heated  into  the  red  heat  range.  No  inorganic 
polymers  have  been  developed  with  sufficiently 
good  properties  to  warrant  intensive  efforts  to 
reinforce  them  with  whiskers.  However,  the 
art  of  using  these  enormously  strong  little  fibers 
may  eventually  advance  to  a  degree  that  will 
make  possible  a  new  type  of  radome,  with  ap¬ 
preciable  toughness  coupled  with  the  high- 
temperature  resistance  of  cerumic  materials. 


4-8  PROCESSES  FOR  FABRICATING 
CERAMIC  RADOMES 

4-8.1  PRODUCTION  OF  ALUMINA  RADOME 
BLANKS 

The  technology  of  fabricating  higli-alumina 
materials  into  radome  shapes  has  now  been 
developed  by  several  manufacturers.  Each  pro¬ 
cess  follows  the  same  general  stepB : 

1.  Blend  powdered  alumina  with  minor  ad¬ 
ditions  of  other  powdered  ceramic  oxides 
and  organic  binders  to  form  either  a  fluid 
suspension  or  a  dried,  free-flowing  gran¬ 
ular  powder. 

2.  Form  the  blended  ingredients  into  desired 
shape,  with  allowance  for  shrinkage  and 
grinding. 

8.  Heat  the  shape  to  a  high  temperature  to 


sinter  and  consolidate  the  individual  pow¬ 
der  particles  ir.tc  a  strong,  impervious 
solid  structure. 

Within  each  of  these  process  steps,  there  are 
variations  that  distinguish  the  practice  of  one 
manufacturer  from  that  of  another.  These 
variations  are  described  in  the  following  para¬ 
graphs,  together  with  the  reasons  for  their  use. 


4-8.1 .1  Row  Materials  and  Their  Processing  ant!1 

Blending 

Commercial  alumina  powders  are  available 
in  a  wide  range  of  particle  size,  purity,  and 
reactivity.  The  ceramic  behavior  of  aluminas  is 
profoundly  affected  by  both  purity  and  particle 
size  and  surface  area,  Shrinkage  of  an  alumina 
article  during  sintering  can  range  from  less 
than  10%  if  it  is  made  from  relatively  coarse, 
dense  particles,  to  over  20%  if  very  fine,  high- 
surface-area  powders  are  used.  Serious  depar¬ 
tures  from  desired  dimensions  in  a  radome  can 
result  if  the  particle  distribution  of  the  alumina 
powder  departs  appreciably  from  the  normal 
pattern. 

Although  the  use  of  coarBe,  dense  alumina 
powders  leads  to  leas  shrinkage  and  better 
dimensional  control,  such  powders  are  rela¬ 
tively  inert  and  require  very  high  sintering 
temperatures  to  achieve  impermeability.  Finer 
powders  sinter  at  lower  temperatures.  Their 
greater  shrinkage  may  be  offset  by  fuel  savings 
because  of  lower  firing  temperatures,  and  by 
less  distortion  of  the  Bintered  radome  because 
the  supporting  refractories  undergo  less  war- 
page  and  movement. 

One  solution  to  this  problem  of  particle  siz¬ 
ing  vs.  sintering  temperature  is  to  -  presinter 
the  alumina  powders,  after  the  addition  of 
minor  nmounts  of  fluxing  oxides,  such  as  mag¬ 
nesia,  silica,  and  calcia,  into  dense  fragments 
that  are  then  ground  to  a  fineness  suitable  for 
forming  by  slip-casting.  This  approach,  pio¬ 
neered  at  Rutgers  (References  32,  88),  permits 
substantial  lowering  of  the  sintering  tempera¬ 
ture  while  still  achieving  impermeability  and 
required  density.  The  cost  of  this  additional 
processing  must  be  balanced  against  the  bene¬ 
fits  of  the  reduced  sintering  temperature. 

When  commercial  alumina  powders  are  used 
without  this  presintering,  careful  control  on 


Flgu r#  4-41 .  Radamt  Finish  of  Glats-Rolnforcod 
Aluminum  Phosphate 


particle  size  distribution  of  incoming  powders 
ensures  the  needed  degree  of  reproducibility 
of  sintering  shrinkage.  A  batch  of  alumina 
powder  that  shows  particle  sizing  outside  of 
specified  limits  may  be  rejected  or  blended  with 
acceptable  material  in  small  quantities  until 
consumed.  While  the  primary  standard  for 
particle  size  determination  is  usually  the  time- 
consuming  AndreaBon  pipette  method,  the  rou¬ 
tine  plant  inspection  of  incoming  batches  and 
blends  may  be  quickly  performed  by  checking 
the  rate  of  change  of  specific  gravity,  by  using 
a  hydrometer,  or  by  other  quick  tests. 

When  proper  powder  size  distribution  has 
been  verified,  the  alumina  may  be  mixed  with 
the  minor  flux  additions  and  with  organic 
"temporary  binders.”  These  binders  are  needed 
to  hold  the  powders  together  after  forming;  they 
would  cohere  only  weakly  or  not  at  all  if  Buch 
binders  were  not  mixed  with  the  powdero  before 
forming.  Many  diverse  kinds  of  organic  binders 
are  used,  including  waxes,  resins,  gumB,  and 
other  compounds.  Their  selection  is  part  of 
the  art  of  making  oxide  ceramics.  They  must 
disperse  readily  throughout  the  powders,  bind 
the  powder  mass  during  the  forming  process 
strongly  enough  to  permit  handling  the  formed 
object,  and  burn  off  without  leaving  any  residue 
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during  the  early  stages  of  the  sintering  process, 

Blending  may  be  either  dry  or  wet.  Dry 
blending  is  carried  out  by  tumbling  or  by  mix¬ 
ing  In  bread-mixer  or  muller-type  mills.  The 
mix  mav  be  further  ptwpfls»«d  hy  anreori intr  «,• 
pulverizing  to  give  a  dry,  free-flowing  powder. 
Wet  blending  is  usually  done  in  rubber-lined 
ball  mills,  in  which  the  balls  perform  a  mixing, 
rather  thun  a  grinding,  function.  The  proper 
quantity  of  water  or  nonaqueous  liquid  is  added 
to  give  a  slurry  of  the  desired  consistjflcy  for 
subsequent  processing. 

One  common  practice  is  to  spray-dry  the  wet 
mix,  to  give  dry,  spherical  powder  particles. 
Advocates  of  this  technique  believe  that  wet 
milling  followed  by  spray  drying  gives  a  more 
uniform  dry  mix  than  dry  milling.  The  spray¬ 
drying  Btep  is  an  added  cost,  but  the  powdered 
mix  so  produced  has  excellent  flowing  and  form¬ 
ing  characteristics.  Such  mixes  are  used  in  dry- 
flll  radome  forming,  described  later. 

When  the  radome  is  to  be  formed  by  slip¬ 
casting,  the  blend  df  oxide  powders  and  binders 
is  ground  to  extreme  fineness  with  water  in  a 
ball  mill,  The  mill  is  usually  lined  with  alumina 
and  alumina  ballB  are  used  to  prevent  contam¬ 
ination  of  the  mix  by  material  abraded  from 
the  mill  or  balls.  Milling  time  is  determined  by 
experience  and  is  the  major  control  over  par¬ 
ticle  size  distribution,  after  the  ratio  of  charge 
to  ball  weight  in  the  mill  has  been  determined 
by  experiments. 

Whatever  the  sequence  of  blending  steps, 
the  end  result  is  either  a  dry  powder  or  a  fluid 
suspension,  carefully  compounded  to  ensure 
proper  forming  properties  and  uniformity  of 
sintered  physical  characteristics  in  the  finished 
radomes. 


4-8. 1.2  Forming  and  Shaping  tho  Radomo  Blank 

Alumina  radomes  are  now  generally  formed 
either  by  iaostatic  pressing  or  by  slip-casting. 
Since  slip-casting  is  presently  of  only  minor 
commercial  Importance,  it  warrants  only  brief 
discussion,  Commercially  produced  alumina  ra¬ 
domes  are  being  manufactured  by  several  firms 
today  by  variations  of  the  isostatlc  press¬ 
ing  method  (otherwise  known  as  hydrostatic 
pressing). 


4-8. 1.2.1  Forming  by  lioifolic  Frosting.  When 
powder  or  a  compacted  shape  of  low  density  is 
sealed  within  u  rubber  envelope  and  subjected 
to  hydrostatic  pressure  by  immersion  in  a  fluid 
order  pressure  in  a  heavy  pressure  vessel,  it 
is  compressed  uniformly  from  all  directions. 
No  other  pressing  method  for  compacting 
powders  is  capable  of  increasing  density  in 
such  a  uniform  manner,  nor  can  such  high  pres¬ 
sures  be  readily  attained  by  other  methods. 
Compacting  at  very  high  pressure  reduces  the 
amount  of  shrinkage  that  takes  place  during 
subsequent  sintering. 

Two  alternate  practices  are  used  to  prepare 
an  alumina  radome  shape  for  isostatic  press¬ 
ing.  Both  practices  use  a  heavy  steel  mandrel 
shaped  to  the  inside  contours  of  the  radome, 
plus  an  allowance  for  shrinkage.  In  one  method, 
the  layer  of  mix  is  applied  to  the  mandrel  by 
spraying;  in  the  other,  it  is  applied  by  Ailing 
a  cavity  between  the  mandrel  and  the  enclos¬ 
ing  rubber  bag  by  flowing  a  free-flowing  dry 
mix  into  the  cavity  and  vibrating  it  to  ensure 
absence  of  pockets.  In  both  cases,  the  rubber 
bag  is  then  evacuated,  the  evacuating  tube 
clamped  tight,  and  the  mandrel  and  surround¬ 
ing  bag  and  contents  lowered  into  the  massive 
steel  pressure  vessel.  Here,  it  is  subjected  to 
pressures  that  may  range  between  5000  and 
35,000  pai,  by  means  of  water  or  hydraulic  fluid 
pumped  into  the  vessel. 

The  radome  shape  is  uniformly  compacted 
to  high  density  and  freedom  from  voids  or  soft 
spots  by  this  pressure.  When  the  pressure  is 
released  and  the  bag  removed,  the  radome  blank 
expands  slightly  and  slips  readily  off  the 
mandrel.  A  description  of  one  manufacturer's 
process  is  given  in  Reference  34. 

Other  manufacturers  of  alumina  radomes 
modify  this  process  by  machining  the  blank 
j.ust  as  it  is  isostatically  pressed,  in  the  so- 
called  green  condition,  rather  than  after  a 
preliminary  sintering  step. 

4-8. 1.2. 2  Forming  by  Sllp-Caifing.  Slip  is  a  pot¬ 
ter's  term  for  a  fluid  suspension  or  slurry  of 
finely-ground  particles  of  ceramic  ingredients 
In  water  or  other  liquid.  Slip-casting  is  a  long- 
established  method  for  forming  relatively  in¬ 
tricate  shapes  by  pouring  slip  into  a  porous 
mold,  generally  made  of  gypsum  plaster,  which 
sucks  liquid  out  of  the  slip  at  a  rate  that  causes 
a  skin  of  the  ceramic  ingredients  to  build  up 
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gradually  against  the  mold  surfaces.  When  this 
skin  has  grown  to  the  desired  thickness,  the 
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shaped  article  within  the  mold  cavity  is  rubbery 
and  tenacious.  As  it  dries,  it  shrinks  away  from 
the  plaster  mold  wall  and  can  be  readily  re¬ 
moved  for  further  drying. 

Alumina  formulations  can  be  slip-cast  with¬ 
out  much  troupe,  after  the  optimum  particle 
sizing,  deflocculent  and  binder  additions,  pH, 
and  other  factors  to  make  the  slip  behave  prop¬ 
erly  have  been  worked  out.  The  slip  can  simply 
be  poured  into  a  plaster  mold,  base  end  up, 
and  allowed  to  stand  until  the  skin  has  become 
sufficiently  thick.  Pioneering  work  on  radome 
manufacture  by  slip-casting  was  carried  out 
at  Rutgers  University  under  Navy  sponsor¬ 
ship  (References  82  and  83). 

The  Rutgers  process,  which  has  formed  the 
basis  for  considerable  work  by  others,  embodies 
two  steps : 

1,  A  unique  body  preparation  techique  par¬ 
ticularly  suitable  for  high-alumina  bodies, 
wherein  the  ceramic  raw  materials  are 
blended  and  formed  into  some  convenient 
shape  and  presintered  or  given  a  pre¬ 
liminary  fire.  This  effects  all  phase 
changes  and  the  shrinkage  due  to  them 
and  volatilization  of  raw  materials  com¬ 
ponents.  The  fired  body  is  then  wet 
ground  to  a  slip  of  carefully  controlled 
particle  size  distribution. 

2.  Pressure  slip-casting,  which  entails  forc¬ 
ing  slip  into  the  annular  space  defined 
by  two  sections  of  a  hard  plaster  mold, 
one  a  female  cavity  to  define  the  external 
configuration  and  the  other  a  mandrel 
to  define  the  internal  configuration  of  the 
radome.  The  high  pressure  (50  to  200  psi) 
literally  forces  the  water  out  of  the  cast¬ 
ing  into  the  mold  sections  so  effectively 
that,  in  a  matter  of  minutes,  a  piece  forms 
that  is  capable  of  supporting  itself  and 
has  almost  no  drying  shrinkage. 

The  effect  of  precalcining  is  to  reduce  the 
temperature  nt  which  the  radome  must  be  sin¬ 
tered  to  achieve  impermeability  and  strength, 
and  to  eliminate  shrinkage  due  to  phase 
changes.  Casting  under  pressure  reduces  the 
time  needed  to  build  up  the  desired  wall  thick¬ 
ness  by  driving  the  liquid  out  into  the  plaster 
mold  instead  of  waiting  for  it  to  migrate  of 


its  own  accord.  Shortening  the  casting  time  is 
helpful,  because  the  particles  in  the  slip  tend 
tu  oeUIe  out  tuiu  a  nonpressure  casting  of  con¬ 
siderable  size  tends  to  be  thicker  at  the  bottom 
than  at  the  top.  Pressure  also  eliminates  the 
tendency  of  the  skin  to  pull  away  from  the 
mold  wall  and  thereby  further  retard  liquid 
migration  into  the  mold.  High  pressure  also 
eliminates  drying  shrinkage  by  effectively  forc¬ 
ing  the  layer  of  water  surrounding  each  par¬ 
ticle  out  of  the  piece. 

Pressure  slip-casting  has  also  been  inves¬ 
tigated  by  Shenango  China  Company  under 
Navy  sponsorship  (Contract  NO262073d),  as 
a  means  for  forming  radomes  bo  accurately 
to  desired  wait  thickness  and  contour  that  little 
or  no  grinding  would  be  required  after  sinter¬ 
ing.  The  results  on  Sparrow  III  radome  blanks 
of  97%  alumina  have  shown  encouraging  re¬ 
sults.  Shenango  holds  a  patent  on  pressure  slip 
casting. 

4-8. 1.3  Shaping,  Sintering,  Grinding,  and 
Impacting 

The  cast  or  pressed  radome  blunk  may  be 
machined  to  desired  shape  in  the  soft  or  green 
state  if  the  organic  binders  used  give  sufficient 
strength  to  permit  handling  the  green  piece. 
Whether  or  not  this  step  is  carried  out,  the 
blanks  are  next  heated  to  a  low  temperature 

burn  out  the  organic  binders.  Next,  they  are 
sintered  at  a  high  temperature  in  the  vicinity 
of  3000°F;  sometimes  they  are  sintered  first 
at  a  lower  temperature  of  about  2400 "F.  In  the 
latter  case,  they  emerge  in  a  firm  but  rather 
chalky  state,  soft  enough  to  permit  accurate 
machining  to  desired  contour  and  wall  thick¬ 
ness.  After  this  so-called  bisque  machining,  they 
are  reheated,  this  time  to  the  high  sintering 
temperature. 

As  with  all  pure  oxide  ceramics,  control  of 
time  and  temperature  in  sintering  is  critical. 
Excessive  grain  growth  and  shrinkage  result 
from  overheating  or  holding  too  long,  while 
insufficient  exposure  to  heat  will  leave  the  blank 
in  a  weak,  porous  condition. 

The  fully  sintered  blanks  are  then  ground 
inside  and  oqt  to  precise  wall  thickness  and 
contour;  the  external  contour  may  be  altered 
by  grinding  to  form  lens  contours  adapted  to 
requirements  of  the  guidance  system.  This 
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grinding  requires  diamond  wheels  and  special 
precision  grinders. 

At  various  stages,  blanks  are  inspected  for 
cracks,  surface  defects,  excessive  warpage,  and 
other  detects.  After  grinding,  electrical  bore- 
sight  testing  reveals  areas  in  which  corrective 
removal  of  alumina  or  addition  of  patches  is 
necessary  to  achieve  desired  electrical  trans¬ 
mission  patterns. 

4-8, 1.4  Limitations  on  Six*  of  Alumina  Radomei 

Monolithic  alumina  radomes  have  been  made 
up  to  42  in.  high  by  14  in.  in  base  diameter. 
The  cost  increases  rapidly  as  sizes  exceed  this 
presently  achievable  limit.  Diamond  grinding 
costs  are  probably  the  most  significant  factor 
in  this  rapid  increase.  Small  radomes  can  be 
made  close  enough  to  final  size  and  wall  thick¬ 
ness  to  require  only  a  modest  extra  thickness 
to  compensate  for  warpage  and  variable  shrink¬ 
age,  but  much  greater  excess  wall  thickness  is 
required  as  size  increases.  The  high  shrinkage 
of  alumina,  like  other  sintered  oxide  wares,  is 
the  factor  causing  this  provision  for  grinding 
allowance.  The  linear  shrinkage  of  current 
radome  alumina  formulations  is  from  10%  to 
nearly  20%  during  sintering  to  desired  density. 
The  larger  the  shape,  the  greater  its  weight, 
and  the  higher  the  load  imposed  on  the  bottom 
portion  of  the  radome  during  sintering.  Al¬ 
though  very  large  shapes  can  be  successfully 
fabricated,  their  walls  must  be  quite  thick  to 
support  their  weight  during  sintering.  Nu¬ 
merous  expedients  have  been  considered  for 
supporting  large  shapes  during  sintering,  but 
nono  gives  complete  control  over  distortion. 

In  1958,  the  Air  Force,,  through  Wright  Air 
Development  Command,  and  later  the  AMC 
Manufacturing  and  Materials  Technology  Di¬ 
vision,  sponsored  a  project  to  investigate  the 
feasibility  of  monolithic  99'/'  alumina  radomes 
9  ft.  high.  Three  companies  competed  in  pre¬ 
liminary  contracts  to  develop  techniques  on 
scale  models  40%  of  the  final  size.  Radomes 
39  in.  high  by  18  in.  in  base  diameter,  with 
wall  thicknesses  of  0.100  in.,  were  successfully 
produced  and  submitted  for  thermal  shock  test¬ 
ing.  While  several  companies  submitted  pro¬ 
posals  to  produce  the  desired  9  ft,  shape,  the 
costs  of  tooling  and  of  fabricating  prototypes 
were  considered  prohibitive. 


In  addition  to  the  costs  imposed  in  diamond 
grinding  the  excessively  heavy  wall  to  final 
thickness,  the  costs  of  production  equipment 
increase  rapidly  as  the  size  of  the  blank  in¬ 
creases  beyond  present  capability.  Principal 
items  are  isostatic  presses,  grinding  lathes,  and 
kilns.  While  sufficiently  lurge  equipment  can 
be  made  in  each  of  these  categories,  no  ceram¬ 
ics  manufacturer  now  has  any  of  these  three 
essential  items  in  extra-large  sizes.  Accord¬ 
ingly,  each  quotation  for  very  large  alumina 
radomes  must  include  large  capital  costs  in 
addition  to  manufacturing  costs. 

4-8.1. 5  Composite  Alumina  Radome  Fabrication 
Project* 

The  extremely  high  cost  estimates  submitted 
for  fabricating  monolithic  radomes  9  ft.  high 
by  3  ft.  in  base  diameter  led  the  Air  Force  to 
seek  alternate  methods  of  achieving  the  desired 
large  radome.  In  1962,  Contract  AF  33(657)- 
1011  was  awarded  to  Narmco  Research  and 
Development,  a  Division  of  Whittaker  Corpo¬ 
ration,  under  ASD  Project  NR  7-984,  to  carry 
out  a  research  program  directed  toward  the 
fabrication  of  large  ceramic  radomes  by  bond¬ 
ing  small  segments  together  into1  a  large  struc¬ 
ture  capable  of  operation  to  1000 "F  (Reference 
20). 

Initial  work  was  carried  out  not  only  on 
alumina,  but  also  on  beryllia  and  zirconia,  with 
which  a  number  of  possible  refractory  cement 
formulations  were  tried.  Zirconia  was  elimi¬ 
nated  from  further  testing  because  of  poor 
electromagnetic  properties  and  beryllia  was 
eliminated  later  because  it  was  found  to  oiler 
no  advantage  over  alumina  sufficient  to  justify 
its  much  higher  cost. 

Cements  were  found  that  matured  to  quite 
strong  bonds  when  sintered  at  temperatures 
well  below  the  softening  temperature  of  alu¬ 
mina,  Good  electromagnetic  properties  were  ob¬ 
tained  in  the  assembled  composite  samples  be¬ 
cause  the  cement  layers  were  very  thin.  The 
cements  themselves  had  rather  high  loss  tan¬ 
gents.  Progress  was  made  toward  supporting 
tooling  materials  and  design  to  hold  the  as¬ 
sembly  during  sintering  of  the  cement. 


"  See  also  Paragraph  4-3.2. 
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This  contract  is  still  active,  with  procurement 
of  large  numbers  of  accurately  shaped  seg¬ 
ments  underway  preparatory  to  trials  on  a 
larirer  scale 


4-3. '.6  Fpbricuiion  of  Multilayer  Alumina 
Sandwich  Radome* 

Dense,  monolithic  alumina  radomes  become 
very  thick  and  heavy  when  designed  for  the 
lower  range  of  frequencies.  They  also  lack 
adaptability  to  broadband  requirements.  What 
is  more  serious  is  that  calculations  of  thermal 
shock  on  radomes  of  the  new  generation  of  very 
fast  missiles  show  that  neither  alumina  nor 
glass-ceramics  can  withstand  the  higher  ther¬ 
mal  stresses. 

It  has  long  been  recognized  that,  highly  por¬ 
ous  ceramics,  often  called  foamed  ceramics, 
offer  lower  dielectric  constants  and  lighter 
v  eight,  Under  Navy  sponsorship,  Contract 
NOas  59-6222C,  highly  porous  alumina  formu¬ 
lations  have  been  studied  for  radome  use,  For 
broadband  requirements,  sandwiches  consisting 
of  alternating  layers  of  dense  and  porous  alu¬ 
mina  were  found  to  have  promising  transmission 
characteristics.  Further  development  led  to  a 
technique  for  fabricating  radome  shapes  hav¬ 
ing  a  dense  skin,  all  of  approximately  95% 
aluminu,  under  Navy  Contract  N62269-1370. 

Such  composite  structures  in  the  general 
category  of  “A”  sandwiches  are  formed  by 
slip-casting.  A  plaster  mold  with  the  exterior 
contours  of  the  radome,  with  allowance  added 
for  shrinkage,  is  filled  with  slip  suitable  for 
dense  alumina.  When  a  skin  of  desired  thick¬ 
ness  has  formed  against  the  porous  mold,  the 
excess  slip  is  removed.  Then  a  slip  of  similar 
composition  but  containing  tiny  organic  par¬ 
ticles  is  poured  and  allowed  to  sit  until  a  sec¬ 
ond  layer  has  formed  to  desired  core  thickness 
and  containing  a  uniform  dispersion  of  the  tiny 
organic  pore  formers.  Lastly,  a  slip  for  dense 
alumina  is  poured  to  form  the  inner  skin.  After 
drying  and  sintering  at  about  3000°F,  the 
structure  is  firmly  and  coherently  bonded  into 
a  composite,  the  core  of  which  has  many  tiny 
pores  left  by  the  organic  burnout  addition. 

At  present,  the  dense  skins  can  be  made  to 
thickness  between  0.025  and  0.050  in.,  and  the 
porous  core  can  vary  between  thicknesses  of 


about  0.1  and  0.5  in.  Shapes  up  to  9  in.  high  by 
7  in.  in  diameter  have  been  made,  and  much 
larger  sizes  are  in  preparation  at  Interpace. 

Such  a  composite  radome  cannot  be  finished 
by  grinding  because  the  dense  exterior  skin  is 
too  thin.  Since  it  is  the  equivalent  of  a  thin 
wail  radome  from  an  eletromagnetie  transmis¬ 
sion  viewpoint,  however,  achievement  of  pre¬ 
cise  contours  and  wall  thickness  is  not  by  any 
means  as  important  as  would  be  the  case  for 
a  half-wave  wall  thickness. 


4-9  FABRICATION  OF  GLASS-CERAMIC 
RADOMES 

Information  covering  the  manufacture  of 
glass-ceramic  radomes  is  limited  to  that  re¬ 
leased  by  Corning  Glass  Works.  The  informa¬ 
tion  supplied  by  Corning  is  as  follows: 

The  raw  materials,  or  batch,  used  in  making 
Pyroceram  are  processed  in  an  optical  gluss 
melting  unit  to  ensure  absolute  temperature 
control  and  to  eliminate  contamination  factors, 
Treatment  of  the  molten  batch  includes  stirring 
for  homogenization  prior  to  delivery  through 
an  orifice.  The  flow  rate  through  the  orifice  is 
precisely  metered  on  a  continuous  basis  24  hr 
a  day.  The  material  flowing  through  the  orifice 
is  periodically  loaded  into  steel  molds  having 
a  configuration  that  produces  the  external  ra¬ 
dome  shape  required,  including  excess  stock  to 
allow  for  finish  grinding. 

The  configuration  of  the  glassy  blank  re¬ 
quired  indicutes  the  kind  of  steel  mold  equip¬ 
ment  and  forming  process  that  will  be  employed. 
Large  blanks  are  centrifugally  cast  in  a  female 
mold  maintained  within  a  critical  temperature 
range.  Small  blanks  are  usually  pressed  between 
a  plunger  and  female  mold  cavity,  The  material 
has  the  same  composition  and  is  subjected  to 
the  same  thermal  treatment  for  either  blank 
forming  operation. 

The  hot,  formed  blank  is  placed  in  a  glass  an¬ 
nealing  kiln,  called  a  lehr  in  the  glass  industry, 
to  undergo  controlled  cooling  and  remove 
stresses.  The  cooled  blanks  can  then  be  in¬ 
spected.  When  cooled,  the  radome  blanks  are 
transparent,  glassy  bodies,  thereby  permitting 
100%  visual  inspection  by  transmitted  light 
for  possible  imperfections  in  the  material,  such 
as  blisters  and  inclusions  of  foreign  matter. 
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Marginal  defects  are  evaluated  under  a  bright 
light  with  the  aid  of  a  microscope.  Rejected 
radome  blanks  are  physically  broken.  Those 
Blanks  having  acceptable  glass  quality  are  in¬ 
spected  dimensionally. 

After  this  inspection,  the  blanks  are  placed 
in  the  ceramming  kiln  to  undergo  the  thermal 
treatment  that  converts  the  glassy  blank  into  a 
glass-ceramic  material  having  prescribed  prop¬ 
erties. 

4-9.1  RADOME  FINISHING 

The  internal  surface  of  the  radome  configura¬ 
tion  is  established  during  the  initial  phase  of 
the  finishing  process  by  a  combination  of  dia¬ 
mond  wheel  grinding  and  abrasive  grit  lapping. 
The  internal  surface  is  by  necessity  generated 
as  a  figure  of  revolution  and  is  virtually  identi¬ 
cal  from  piece  to  piece. 

The  external  surface  is  generated  as  a  figure 
of  revolution  using  diamond  wheel  grinders. 
Each  radome  fits  on  a  common  mandrel  having 
a  conjugate  surface  that  supports  the  glass-ce¬ 
ramic  part  uniformly.  Pyroceram  radomes  with 
a  wall  thickness  of  0.060  in.  and  an  area  of  6 
sq.  ft.  have  been  successfully  ground. 

A  prescription  is  ground  on  the  external  sur¬ 
face  of  a  radome  having  excess  wall  thickness, 
following  the  preliminary  external  grinding 
operation  on  a  less  complex  grinding  machine 
having  a  plane  template.  A  prescription  grinder 
must  be  equipped  with  a  three-dimensional  tem¬ 
plate,  such  as  a  patched  radome  developed  dur¬ 
ing  a  prototype  program.  Wall  thickness  and 
other  critical  dimensions  are  held  to  ±0.002  in. 
Reproducibility  of  the  complex  radome  shape 
and  the  prescription  has  been  demonstrated  on 
thousands  of  radomes  by  comparison  with  a 
common  dimensional  master  and  uniformity  of 
electrical  data. 

4-9.2  PRODUCTION  CAPABILITY 

Glass-ceramic  radomes  have  been  made  in 
sizes  up  to  16  in.  in  diameter  and  lengths  to  42 
in.  Finished  wall  thickness  has  varied  between 
0,060  and  0.600  in.  Nose  geometry  has  varied 
from  pointed  to  6  in.  in  diameter.  Constant 
wall,  tapered  wall,  and  prescription  wall  domes 
are  produced  using  basic  machinery  of  the  metal 


trades  adapted  to  ceramic  work.  In  all  sizes 
and  shapes  the  conventional  wall  tolerance  is 

±0  002  in 

The  present  equipment  in  use  at  Corning  is 
capable  of  producing  a  radome  2  ft  in  diameter 
by  6  ft  in  height.  Even  larger  radomes  can  be 
finished  on  the  massive  grinding  lathes.  The 
me  .g  unit  and  blank  forming  equipment 
would  have  to  be  enlarged  to  fulfill  requirements 
in  Pyroceram,  utilizing  the  size  capability  avail¬ 
able  for  contour  grinding. 

The  inherent  process  techniques  are  claimed 
to  bo  adaptable,  with  the  addition  of  new  and 
larger  equipment,  to  producing  radomes  4  to  6 
ft  in  diameter  and  12  to  15  ft  in  length,  should 
the  need  arise. 

4-10  FABRICATION  OF  SINTERED  FUSED 
SILICA  RADOMES 

The  term  sintered  fused  silica  is  used  to  dif¬ 
ferentiate  the  product  made  by  consolidating 
particles  of  fused  silica  by  ceramic  sintering 
techniques  from  the  glassy  or  vitreous  product 
made  by  shaping  molten  silica  into  desired  form. 
The  sintered  product  is  fabricated  by  slip-cast¬ 
ing  or  by  pressing  fluid  or  plastic  masses  of 
finely  powdered  fused  silica,  whereas  the  vitre¬ 
ous  product  is  made  by  glass-working  tech¬ 
niques.  The  vitreous  form  of  silica  is  being  used 
for  small  electromagnetic  windows,  whereas  the 
sintered  fused  form  is  proposed  for  radomes. 
Since  the  latter  material  is  of  much  greater 
interest,  it  alone  is  considered. 

Information  on  the  manufacturing  process 
was  derived  from  Reference  2,  which  contains 
many  details.  Others  have  adopted  these  tech¬ 
niques  with  only  minor  modifications. 

The  raw  material  for  the  sintered  product 
is  a  granular  powder  made  by  grinding  fused 
silica.  The  latter  is  generally  made  by  fusing 
silica  sand  dr  crushed  quartz  in  an  electric 
resistance  furnace  in  which  carbon  or  graphite 
resistance  elements  are  surrounded  by  the  sand 
and  heated  to  the  fusion  temperature  range. 
After  the  fused  mass  has  cooled  and  is  removed 
from  the  furnace,  the  fully  fused,  glassy  ma¬ 
terial  is  separated  from  any  incompletely  melted 
outer  portions.  The  glassy  portions  are  then 
crushed  and  wet-ground  in  ball  mills  to  form 
a  finely  divided  powder  suspended  in  water  or 
slip. 
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This  slip  must  be  adjusted  to  the  proper 
hydrogen  ion  concentration  anu  particle  size 
distribution  so  that  it  will  be  reasonably  stable 
and  not  quickly  settle.  A  satisfactory  slip  will 
have  a  pH  between  2  and  6,  and  particles  that 
range  in  size  from  50  microns  to  about  20  % 
less  than  2  microns.  Solids  concentration  may  be 
about  80%  to  85%,  or  have  a  density  of  about 
1.8  gm/cm*'. 


4-10.1  SUP-CASTING 

The  technique  for  casting  fused  silica  differs 
very  little  from  that  used  for  alumina,  as  de¬ 
scribed  in  Paragraph  4-8.1.  The  porous  plaster 
mold  is  filled  with  slip  and  a  coherent,  leathery 
skin  builds  up  gradually  against  the  mold  sur¬ 
faces.  Moderate  pressure  on  the  slip,  on  the  order 
of  25  to  50  psi,  has  been  found  desirable  to  speed 
deposition  of  the  skin  and  to  minimize  settling 
of  the  particles.  A  patent  on  pressure  slip-cast¬ 
ing  is  held  by  Shenango  China  Company  (Ref¬ 
erence  34).  Normally,  the  plaster  mold  cavity 
is  shaped  to  the  contours  of  the  exterior  of  the 
radome  and  the  skin  grown  inwardly  until  the 
desired  thickness  is  achieved.  The  mold  may 
be  oriented  with  the  radome  tip  either  up  or 
down;  the  lower  part  will  tend  to  be  thicker 
than  the  upper.  The  slip  is  drained  when  the 
wall  is  sufficiently  thick  and  the  radome  blank 
is  gently  removed  after  it  has  dried  somewhat. 
Air  may  be  forced  inwardly  through  the  porous 
plaster  to  assist  in  freeing  the  casting  from  the 
mold. 

Wall  thicknesses  up  to  1  in.  are  readily  achiev¬ 
able,  although  thinner  walls  are  usually  specified 
for  radomes.  The  time  for  casting  increases 
quite  rapidly  as  wall  thickness  is  increased, 
especially  above  about  0.75  in.  There  are  no 
major  problems  involved  in  casting  very  large 
shapes,  other  than  the  limitation  that  wall 
thickness  must  be  adequate  to  permit  subse¬ 
quent  sintering  without  distortion. 

Slip-cast  fused  silica  shrinks  very  little  dur¬ 
ing  drying  and  sintering.  Representative  linear 
drying  shrinkage  is  about  0.5%,  and  linear 
shrinkage  during  sintering  will  average  about 
1%.  Molds  can,  therefore,  be  made  very  nearly 
to  final  size,  with  little  shrinkage  allowance. 


4-10.2  SINTERING 

The  thoroughly  dried  radome  blank  is  heated 
in  a  kiln  to  about  2100°F  to  2200°F.  The  rates 
of  heating  and  cooling  are  not  critical,  but  the 
maximum  temperature  must  be  carefully  con¬ 
trolled  and  the  time  at  this  temperature  should 
be  no  longer  than  needed  to  develop  adequate 
sintering.  The  particles  of  fused  silica,  which 
are  wholly  vitreous  or  amorphous  before  sinter¬ 
ing,  undergo  a  slow  crytallization  at  tempera¬ 
tures  above  about  2000°F.  During  this  crystal- 
forming  process,  termed  devitrification,  tiny 
crystals  of  a  form  of  silica  known  as  cristobalite 
develop,  starting  from  the  outsides  of  the  par¬ 
ticles  and  working  inward.  Cristobalite  has 
higher  thermal  expansion  than  the  vitreous 
form  of  silica  and  is,  therefore,  undesirable  in 
substantial  quantities.  Formation  of  a  little 
cristobalite  is  desirable  and  necessary  to  give 
adequate  strength  in  the  sintered  article.  The 
art  of  sintering  is  to  permit  only  this  small 
amount,  in  the  order  of  a  few  percent,  to  form, 
but  to  avoid  heating  longer  or  hotter  and  thus 
forming  too  much. 

4-10.3  FINISHING  THE  SINTERED  RADOME 

Because  silica  is  softer  than  alumina,  it  can 
be  ground  quite  easily.  In  addition,  turning  is 
feasible  with  tungsten  carbide  or  alumina  tools. 
On  the  Mohs  scale  of  scratch  hardness,  silica  is 
sevi  h,  alumina  is  ninth,  and  diamond  is  tenth, 
The  Knoop  indentation  hardness  value  for  vitre¬ 
ous,  nonporous  silica  is  560 ;  for  sintered  silica, 
with  considerable  porosity,  it  is  somewhat  less. 
Alumina  has  a  Knoop  value  of  about  2000  and 
glass-ceramics  about  620.  Therefore,  silica  is 
softer  and  easier  to  grind  than  the  other  ce¬ 
ramic  radome  materials.  Its  low  thermal  expan¬ 
sion  also  makes  it  quite  insensitive  to  grinding 
damage  caused  by  local  heating  under  the  grind¬ 
ing  wheel. 

At  this  time,  no  applications  of  ground  sin¬ 
tered  silica  radomes  have  been  reported. 

4-10.4  SURFACE  TREATMENTS  FOR  SINTERED 
SILICA  RADOMES 

Sintered  silica  radomes  made  to  date  have 
been  quite  porous.  Their  densities  do  not  usually 
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exceed  1.85  gm/cnv1,  compared  with  2.2  gm/ 
cnv'  for  wholly  dense  fused  silica.  This  cor¬ 
responds  to  porosity  oi  about  lb>,  much  ut 
which  is  interconnected. 

Such  porous  structures  would  absorb  water 
during  storage  and  handling,  which  would  seri¬ 
ously  affect  the  dielectric  properties,  For  this 
reason,  an  impervious  coating  becomes  a  neces¬ 
sity  for  sintered  silica  radomes.  Development 
of  such  coatings  has  proceeded  along  three 
lines:  glaze-like  applied  films;  glassy  skins 
formed  by  fusing  the  silica  itself  under  intense 
local  heat ;  and  Teflon  coatings. 

The  major  problem  in  glazing  silica  is  its 
very  low  thermal  expansion.  Conventional 
glazes  used  for  chinaware,  tile,  and  other  ce¬ 
ramics  expand  and  contract  under  heating  and 
cooling  far  more  than  does  silica.  If  attempts 
were  made  to  apply  them  to  sintered  silica,  they 
would  crack  and  spall  during  cooling  from  the 
glaze  firing  operation,  or  through  aerodynamic 
heating  during  service.  Certain  ceramic  ma¬ 
terials,  notably  the  lithium  aluminosilicates, 
have  expansion  properties  comparable  to  silica 
and  coatings  have  been  successfully  applied  to 
formulations  of  this  class.  These  coatings  are 
less  refractory  than  silica,  with  melting  points 
in  the  vicinity  of  2200 °F,  so  they  are  protective 
only  for  moderately  severe  service. 

Surface  fusion,  a  second  technique  for  seal¬ 
ing  the  radorne  surface,  has  been  successfully 
applied  to  radomes  as  large  as  31  in.  high  by 
13  in.  in  diameter.  The  radorne  is  supported  up¬ 
on  a  rotating  turntable  in  a  furnace  heated  to 
slightly  over  2000  °F.  An  arc  plasma  torch  or 
oxyacetylene  torch  is  directed  against  the  out¬ 
side  of  the  hot  radorne  and  is  systematically 
made  to  traverse  the  entire  surface  at  a  rate 
and  heat  intensity  that  result  in  melting  a  thin 
surface  layer.  This  molten  film  solidifies  into  a 
glassy  layer  that  is  integrally  bonded  to  the 
underlying  porous  material  and  that  is  chem¬ 
ically  the  same.  It  behaves,  therefore,  like  the 
material  itself  and  its  thermal  expansion  char¬ 
acteristics  match  so  closely  the  underlying  silica 
that  it  forms  an  impervious,  adherent  coating 
throughout  the  service  temperature  range  of 
the  sintered  silica  itself, 

Teflon,  regarded  as  a  low-temperature,  non¬ 
charring  ablator,  is  not  expected  to  interfere 
with  electromagnetic  transmission  when  ap¬ 
plied  as  a  thin  sprayed  coat  to  seal  the  pores. 


4-11  PRODUCTION  OF  BERYLLIA 
RADOMES 

Beryllia  radomes  are  formed  by  the  same 
processes  as  described  for  alumina.  Both  oxides 
are  produced  as  refined  powders  derived  from 
natural  minerals  by  chemical  processes,  with 
purities  of  i>9 ’/<■  or  higher.  Ceramic  grade  beryl¬ 
lia  powder  may  contain  less  ihan  0.01%  im¬ 
purity.  Beryllia,  a  more  recent  possibility  for 
radorne  use,  has  not  yet  benefited  from  exten¬ 
sive  radorne  production  experience;  only  a  few 
relatively  small  radomes  huve  been  made  of 
beryllia,  although  the  Bureau  of  Naval  Weap¬ 
ons  sponsored  several  programs  to  develop 
beryllia  foams,  pressure  casting  techniques  for 
forming  beryllia  radomes,  and  pyrolytic  deposi¬ 
tion  techniques  for  beryllia  (References  35  to 
38). 

Like  alumina,  beryllia  is  fabricated  into  ra¬ 
domes  by  slip-casting,  either  by  gravity  or 
under  pressure,  or  by  isostatic  pressing.  In  slip¬ 
casting,  a  suspension  of  the  pure  oxide  with 
organic  additives  and  dispersing  agents,  at 
solids  contents  of  25 %  to  50%,  is  cast  into  con¬ 
ventional  plaster  molds  under  gravity  or  pres¬ 
sure,  drained,  and  removed  and  dried  as  de¬ 
scribed  for  alumina.  The  toxicity  of  finely 
divided  beryllia  dictates  that  all  of  this  work 
must  be  conducted  in  hoods  with  efficient  ven¬ 
tilation  and  filter  systems  to  prevent  release 
of  dust  into  the  atmosphere.  In  isostatic  press¬ 
ing,  the  rubber  envelope,  when  filled  with  pow¬ 
der  and  sealed,  may  be  handled  without  ventila¬ 
tion,  but  the  pressed  blank  must  be  removed 
under  hooded  conditions  until  sintered.  The  «n- 
fired  blanks  have  a  density  of  about  1.5  to  1.7 
gtn/cm';  the  organic  additives  confer  sufficient 
strength  to  permit  handling. 

Sintering  to  high  density  and  freedom  from 
porosity  requires  somewhat  higher  tempera¬ 
tures  than  used  for  alumina.  Optimum  thermal 
conductivity  and  dielectric  loss  properties  are 
achieved  in  beryllia  with  purity  in  excess  of 
99%,  which  limits  the  fluxing  oxide  additions 
to  very  small  amounts. 

Because  of  this  high  degree  of  purity,  beryllia 
for  radorne  use  has  to  be  sintered  at  tempera¬ 
tures  as  high  as  3300°F,  in  either  gas  or  electric 
kilns.  This  high  sintering  temperature  is  a 
factor  in  the  cost  of  beryllia  and  leads  to  more 
difficulty  with  distortion  during  sintering  than 
is  encountered  with  alumina. 
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When  a  beryllia  radome  has  been  properly 
sintered,  it  is  entirely  safe  to  handle  without 
precautions,  since  no  loose  dust  can  escape  from 
it.  Subsequent  grinding  operations  must,  how¬ 
ever,  be  conducted  under  stringent  control  of 
dust  and  splashing  of  grinding  fluids  because 
the  finely  divided  oxide  powder  must  be  con¬ 
sidered  as  highly  toxic.  Grinders  and  lathes  are 
hooded  or  totally  enclosed  and  suction  ducts 
carry  all  dust  to  an  efficient  collection  system. 
This  complicates  the  grinding  process  and  adds 
to  costs.  The  grinding  equipment  and  operation 
are  otherwise  identical  with  the  practice  for 
other  ceramic  radomes. 


Following  grinding,  the  beryllia  radome  is 
thoroughly  cleaned,  using  detergenls  and  ultra- 
snni/-  cleaners.  A  final  clean  filing  may  be  nec¬ 
essary  to  remove  waxing  agents  or  lubricants 
used  in  grinding.  These  precautions  leave  the 
radome  in  a  dust-free  condition  and  its  hard¬ 
ness  is  more  than  sufficient  to  prevent  genera¬ 
tion  of  any  dust  during  subsequent  handling 
and  use. 

As  with  other  ceramic  rtulomes.  detailed 
physical  inspection  for  dimensions,  freedom 
from  cracks,  and  achievement  of  density  pre¬ 
cedes  shipment. 
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PART  II— REINFORCED  PLASTIC  RADOMES 


4-12  RADOME  MATERIAL  DESIGN 

Compared  to  the  present  state  of  the  art,  the 
manufacture  of  radomes  using  concrete  molds 
and  plywood  materials  appears  crude.  Today’s 
radome  is  a  result  of  a  vast  complex  of  eco¬ 
nomics,  aerodynamics,  electronics,  and  materials 
selection.  In  the  past,  radomes  were  designed 
from  available  materials;  today,  materials  are 
being  specifically  designed,  modified,  and  man¬ 
ufactured  for  electromagnetic  windows. 

Materials  are  being  designed  to  provide  the 
electronics  engineer  with  a  broader  spectrum 
from  which  to  select  a  dielectric  constant.  Re¬ 
searchers  are  seeking  ways  to  reduce  loss  tan¬ 
gent  characteristics.  Materials  engineers  are 
screening  materials  of  reduced  weight,  reduced 
sensitivity  to  frequency  changes,  and  increased 
resistance  to  temperature  exposure  for  both 
transient  and  steady-state  environments,  To 
further  complicate  the  picture,  radome  struc¬ 
tures  are  increasing  in  size,  thereby  requiring 
internal  space  frames. 

The  requirement  of  control  in  the  dielectric 
constant  is  a  stimulus  to  materials  design  for 
selection  of  a  dielectric  constant  in  .the  range 
of  3.0  to  9.0,  allowing  for  more  efficient  radome 
design  and  less  compromise  between  aero¬ 
dynamics  and  electronics.  It  also  allows  the 
consideration  of  “B”  sandwich  solid-wall  com¬ 
posites. 

The  thermal  environments  now  require  ra¬ 
domes  to  survive  thousands  of  hours  at  tem¬ 
peratures  of  500°F  to  700°F  and  500  to  1000 
hours  in  the  temperature  range  of  1000°F  to 
1200°F. 

Frequency  requirements  have  increased  so 
that  16,5-gc  operation  is  frequently  the  rule 
rather  than  the  exception.  Engineers  arc  now 


considering  35-gc  structures.  Millimeter  radome 
techniques  for  the  50-  to  150-gc  range  investi¬ 
gated  by  the  Air  Force  in  fiscal  year  1965, 
extended  the  frequency  range  to  250  to  300  gc 
in  fiscal  year  1966.  This  will  require  additional 
improvement  in  structural  materials.  There¬ 
fore,  materials  design  will  continue  to  contri¬ 
bute  to  the  complex  field  of  radome  design  for 
many  years  to  come. 

4-13  THE  ANISOTROPIC  NATURE  OF 
FIBER-REINFORCED  PLASTIC 
RADOMES 

Before  discussing  fiber-reinforced  plastics, 
the  following  terms  should  be  defined: 

End\  Each  strand  in  a  roving  or  yarn. 

Fiber :  A  slender  filament.  (Used  interchange¬ 
ably  with  fiber.)  The  smallest  component 
of  a  strand. 

Filament:  A  very  fine  thread  or  threadlike 
structure  (of  glass) ;  a  fiber  or  fibril. 

Roving :  Glass  fiber  roving  consists  of  a  num¬ 
ber  of  continuous,  untwisted  glass  strands 
that  have  been  plied  together.  Continuous 
strand  roving  may  contain  a  number  of 
ends,  the  most  common  being  20  and  60. 

Strand:  A  number  of  fibers  or  filaments, 
usually  204,  collected  as  a  unit.  Continuous 
glass  strand  is  usually  supplied  in  the  form 
of  yarn  or  roving. 

Yam:  A  collection  of  continuous  glass 
strands  that  have  been  twisted  together  and 
plied  to  prevent  individual  filaments  from 
separating  when  tension  on  the  strands  is 
relaxed. 

Reinforced  plastic  radomes  are  anisotropic; 
that  is,  they  respond  unequally  when  external 
forces  are  applied  normal  to  different  planes  in 
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DIELECTRIC  CONSTANT 
A*  5.1 -5.0 
8-4.8 -4.9 
C -4.9 -5.0 


RADOME  WALL 


i 

/  ANTENNA 
/—-POSITION  2 
POSITION  I 


Figure  4-42.  Sketch  Showing  Anisotropic  Nature  of  Reinforced  Plat  tic  Reclames 


the  structure,  as  shown  in  Fig.  4-42.  In  a  similar 
manner,  the  composite  wall  presents  a  different 
structure  to  the  electromagnetic  radiation  from 
the  antenna  in  the  two  positions  shown. 

Materials  used  in  composites  that  have  high 
dielectric  constants  are  also  more  anisotropic 
when  a  distinct  fiber  orientation  or  direction¬ 
ality  is  introduced.  For  the  radome  designer, 
this  presents  the  problem  of  compensating  for 
this  anisotropy  when  designing  the  radome  wall. 

4-14  MATRIX  MATERIALS 

The  matrix  is  defined  as  the  material  that 
holds  or  Binds  the  reinforcement  in  place.  This 
material  is  usually  organic  in  composition,  but 
may  also  be  completely  inorganic*.  The  matrix 
represents  less  than  half  of  the  weight  or  vol¬ 
ume  of  the  total  composition.  Organic  resins 
are  the  matrix  materials  most  often  used  for 
radomes.  Only  organic  matrix  materials  and 
primarily  those  new  materials  that  extend  the 
state  of  the  art  are  covered. 

The  organic  materials  may  be  classed  accord¬ 
ing  to  their  method  of  polymerization  or  their 
major  molecular  structure.  They  may  also  be 
classified  as  those  that  give  off  no  byproducts 
and  those  that  give  off  byproducts;  or  those 
that  are  100%  reactive  and  by  condensation 
methods.  However,  we  are  only  concerned  with 
those  systems  most  commonly  used  or  those 
that  offer  unique  characteristics. 


•  Inorganic  matrix  materials  are  covered  in  Para¬ 
graph  4-7. 


Table  4-8  provides  a  partial  list  of  available 
materials  and  a  comparison  of  their  shear 
properties.  Appendix  4A  presents  additional 
data  for  candidate  resins  for  use  in  fiberglass- 
reinforced  plastic  radomes. 

The  organic  matrix  most  widely  used  for 
high-performance  filament-wound  radomes  is 
Vibrin  136,  qualified  under  Mil  R  26042.  This 
resin  system  contains  trially  cyanurate  (TAG) 
as  a  major  component  and  is  qualified  up  to 
600°F  operation.  Properties  of  this  resin  and 
a  composite  made  with  this  resin  are  given  in 
Tables  4-9  and  4-10,  and  Fig.  4-43. 

This  resin  system  is  ideally  suited  for  fila¬ 
ment-wound  structures.  Its  viscosity  range  is 
low,  2000  to  3000  centipoises,  and  change  in 
viscosity  vs.  temperature  is  fairly  low.  The 
shelf  life  may  extend  to  30  days  in  impregnated 
form  at  40°F.  It  requires  low  initial  cure  for 
snort  times  (2  to  4  hr)  at  200°F  to  250°F. 
Cure  is  complete  enough  at  this  time  to  permit 
grinding.  After  grinding,  it  is  again  cured  to 
480°F.  There  is  one  difficulty  with  Vibrin  136, 
however.  It.  is  sensitive  to  post-curing  condi¬ 
tions  when  the  temperature  is  increased  over 
480°F.  As  a  consequence,  caution  must  be 
exercised  to  avoid  blistering. 


4-15  TYPES  OF  GLASS  FIBERS  USED  IN 
RADOME  PRODUCTION 

Glass  is  defined  as  an  amorphous  substance, 
usually  transparent,  consisting  ordinarily  of  a 
mixture  of  silicates,  but  in  some  cases  of  bo- 
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TABLE  4-8  AVE8AGE  INTERLAMINAR  SHEAR  VALUES 
Of  SELECTS^  »«!H.  EYSTEJAS 


Show  Struftfc  BoG#d  1% 

CroM  toctiMBl  Arta,  pel 

lUr  «tr«n3*fe  SsusS 
«  RbiIh  Co* tent,*  pi) 

Typo  of  Rotin  System 

Ih* 

300*  f 

730*  f 

Room 

300*  F 

730*  r 

Commercial,  100%  Reactive 

DEN  488/MNA/DMP-80 

7708 

3427 

681 

26,730 

11,940 

2360 

Epon  828/CL 

7446 

27,800 

Epon  820/MNA 

6120 

2293 

366 

30,140 

7620 

1760 

Epon  10S1/MNA 

9138 

3658 

885 

23,400 

9450 

3170 

Epon  1031/BFaMEA 

7704 

2979 

421 

26,800 

0300 

1280 

DEN  438/BP3MEA 

9685 

4378 

627 

33,100 

14,900 

2140 

DEN  488/PHDA  Adduct  A 

9882 

2306 

718 

274100 

0676 

2100 

DEN  438/ T AC 

5500 

1270 

529 

30,600 

6920 

2940 

NRC  1174/3 

5288 

2{i25 

373 

31,580 

15,240 

2250 

EP  207/MA /Glycerol 

7440 

3830 

546 

26,800 

14,400 

2420 

AG-13E/MA/TME 

0220 

2510 

360 

27,700 

11,290 

1540 

Oxiron  2000/MA 

7606 

2476 

648 

34,300 

11,250 

2960 

RDGE/MNA 

0640 

1470 

603 

35,200 

7670 

8350 

Laminae  4232 

4560 

3169 

890 

23,400 

14,700 

4040 

Vibrin  136A  (135) 

6021 

7.978 

770 

30,200 

14.B00 

3890 

Polyite  AZ-1695 

4880 

2760 

887 

23,200 

13,100 

4210 

Commercial,  Condensation 


DC  K-7141 

2060 

679 

382 

8813 

2913 

1640 

Pluskon  V-204 

7980 

3042 

1902 

23,200 

11,100 

6220 

Keainox  SC-1013 

2598 

1421 

587 

12,450 

6750 

2820 

Poainox  SC-1008 

7972 

2371 

1129 

36,026 

8540 

6260 

CTL  37-9X 

7010 

4330 

1368 

23,680 

14,840 

4678 

V4-38 

10,970 

1840 

604 

33,800 

640 

1860 

Experimental 

Diallyl  Epoxy  No.  2/MNA 

6630 

734 

358 

29,700 

3420 

1610 

TGC/MNA 

4376 

2306 

j 

23,850 

12,495 

ADC/M  NA/PMDA 

5403 

2622 

825  1 

19,860 

9680 

8040 

ADC/DEN  438/MNA 

(S043 

3012 

068 

27,183 

13,650 

2663 

VKDGE/MNA 

7740 

2830 

607 

31,400 

11,880 

2540 

*  The  renin  content,  of  the  composites  reported  in  this  tivble  ranges  between  18'/,  and  tX't- 
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rute.s,  phosphates,  etc.  Most  glass  is  made  by 
fusing  silica,  us  sand,  and  alkali,  as  potash  or 
soda,  and  same  other  base,  as  him;  t>«  lead  oxiue. 
This  definition  emphasizes  that  glass  is  non¬ 
crystalline  and,  although  essentially  rigid,  is 
similar  in  structure  to  liquids.  It  is  this  struc¬ 
ture  that  gives  glass  its  unusual  characteristics 
and  differentiates  it  from  crystalline  solids. 

Glass  is  sometimes  defined  as  a  “supercooled 
liquid”  because  it  can  go  from  the  molten  state 
to  the  solid  state  without  undergoing  an  abrupt 
molecular  rearrangement  and  resultant  physi¬ 
cal  changes,  However,  a  very  indistinct  crystal 
lattice,  called  a  "random  network,”  does  form 
in  this  transition.  As  a  result,  the  room  tem¬ 
perature  properties  of  glass  are  dependent  upon 
its  thermal  history  (annenling). 

Although  the  above  characteristics  apply  to 
all  glass, ..all  glass  is  not  alike.  The  types  of  glass 
that  are  of  interest  in  radome  production  are 
only  those  that  can  be  drawn  into  very  fine 
diameter  continuous  filaments.  They  provide  the 
fiberglass  yarns  "that  are  used  to  reinforce 
plastics. 

TABLE  4-9  PROPERTIES  OF  VIBRIN  135 


Viscosity,  ccntipoise 

1800  to  3000 

at  room  temperature 

Shrinkage,  % 

3  to  5 

Specific  gravity 

1.32 

Cure  temperature,  °F 

200  to  GOO 

The  brittleness  of  window  and  bottle  glass 
is  usually  associated  with  low  strength.  Thus, 
if  glass  fibers  display  very  high  strength,  an 
apparent  anomaly  exists.  However,  examina¬ 
tion  of  the  mechanism  of  glass  failure  reveals 
the  actual  nature  of  this  material.  Glass  al¬ 
ways  fails  abruptly  without  previous  yield  from 
a  tensile  component  of  stress,  even  when  a  load 
is  applied  in  compression  (Reference  2).  The 
fractures  originate  as  small  imperfections  or 
flaws,  usually  on  the  glass  surface.  In  fibers, 
the  size  and  distribution  of  these  flaws  are 
physically  limited,  The  result  is  that  the  rela¬ 
tive  strength  of  glass  fibers  increases  as  the 
diameter  decreases. 


TABLE  4-10  COMPOSITE  PROPERTIES 
E-GLASS  AND  VIBRIN  135 


Flexural  strength,  psi 

Hoorn  temperature 

500  °F 

00,000  to  80,000 
30,000  to  BO, 000 

Compression  strength,  psi 

Room  temperature 

600°F 

40,000 

20,000 

Specific  gravity 

1.76  to  1.86 

Dielectric  constant,  me  x  U)4 

4.0  to  4.2 

Loss  tangent,  me  X  104 

0.008  to  0.016 

Hoop  tensile,  psi 

220,000  to  300,000 
fiber  stress 

Interlaminum  shear,  psi 

4000  to  0000 

4.01 - 


LOSS  TANGENT 


e 

ix - - - 

'■  — . — t 

j> 

ELECTRICAL  PROPERTIES  v» 
TEMPERATURE (TESTED  AT 
8800  - 10,000  me. 

_ 1 _ i _ i _ 1 - 1 - 

“••’0  100  200  300  400  600  600 

TEST  TEMPCRATUfit  CF) 

Figure  4-43.  Vibrin  135  and  Gian  Compailte — Dielectric  Co nilanl  and 
Lot i  Tangent,  Electrical  Properties  vs  Temperature 
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4-15.1  DRAWING  CONTINUOUS  FILAMENTS 

The  process  of  manufacturing  fiberglass  yarn 
consists  of  melting  the  glass  in  bushings  fitted 
with  204  orifices.  The  filaments  from  each 
orifice  are  drawn  together  to  form  a  single 
strand.  The  filament  diameter  results  from 
three  factors:  (1)  the  initial  viscosity  of  the 
melted  glass,  (2)  the  size  of  the  orifice,  and  (3) 
the  speed  at  which  the  filament  is  drawn.  The 
last  factor,  speed,  is  controlled  by  an  electrically 
driven  rotating  winding  tube,  whose  surface 
speed  may  reach  12,000  ft/min.  The  nominal 
diameter  of  the  individual  filaments  used  for 
plastic  reinforcement  is  0.00038  in.  As  the  yarn 
is  drawn,  sizing  is  applied  to  lubricate  the  fila¬ 
ments  and  to  hold  them  together  as  yarn. 

4-15.2  GLASS  FIBER  COMPOSITION  AND 
PROPERTIES 

Examination  of  the  manufacturing  process 
reveals  that  the  working  properties  of  the  glass 
are  the  only  requisites  for  forming  filaments. 
However,  end  uses  of  the  glass  also  determine 
its  composition.  The  primary  requirements  of 
fiberglass  for  radome  manufacturing  are  elec¬ 
trical,  physical,  and  chemical.  The  chemical  re¬ 
quirement  is  primarily  resistance  to  weather¬ 
ing.  The  large  surface  area  of  the  filaments  and 
their  natural  hydroscopic  nature  clearly  illus¬ 
trate  the  problem  faced  by  the  fiberglass  forrnu- 
lator.  Atmospheric  moisture  is  the  most  signifi¬ 
cant  attacking  agent.  All  glass  used  in  radome 
production  today  has  good  durability,  but  is 
dependent  upon  sizing  or  binders  for  maximum 
protection  against  moisture. 

Mechanical  properties  of  glass  used  in  fila¬ 
ment  winding  are  greatly  dependent  upon  chem¬ 
ical  composition.  The  standard  glass,  called  “E- 
Glass,”  has  been  used  extensively.  The  composi¬ 
tion  of  E-Glass  is  approximately  54.6%  SiO*, 
14.5%  AlijOa,  22.0%  CaO,  8.5%  B^Oa,  and  0.6% 
Na-0  (Reference  2).  Its  specific  gravity  is  ap¬ 
proximately  2.64.  The  tensile  strengths  of  single 
filaments  of  E-Glass  removed  from  production 
yarns  vary  between  250,000  and  800,000  ps! 
This  glass  is  the  most  widely  used  reinforce¬ 
ment  for  radome  manufacturing  today. 

The  effectiveness  of  a  fiberglass  reinforce¬ 
ment  is  proportional  to  the  volume  concentra¬ 
tion  of  the  reinforcement  and  to  the  ratio  of 


the  modulus  of  elasticity  of  the  reinforcement 
to  the  modulus  of  elasticity  of  the  matrix.  There¬ 
fore,  it  is  desirable  to  have  a  fiber  with  as  high 
a  modulus  nf  plasticity  ua  nnauihlp 

In  order  to  provide  radome  structures  for 
advanced  missile  systems,  the  Air  Force  under¬ 
took  a  program  to  develop  a  fibrous  glass  re¬ 
inforcement  with  a  higher  modulus  of  elasticity 
or  stiffness  than  E-Glass.  This  program  resulted 
in  the  development  of  a  glass  designated  as 
YM-31A,  which  had  a  modulus  of  elasticity 
about  50%  higher  than  E-Glass.  Its  approxi¬ 
mate  composition  is  63.75%  SiOL.,  12.94%  CaO, 
8.96  MgO,  7.96%  BeO,  1.99%  ZrO-,  7.96%  TiO-, 
2.99 %  Li20,  2.99%  CeO,  and  0.60'%  Fe^O,, 
(Reference  3).  The  BeO  component,  which  is 
exteremely  toxic,  has  limited  the  use  of  YM-31A. 

A  further  Air  Force  development  has  been 
AF-994  glass  (commercially  designated  S-994 
by  Owens-Corning  Fiberglas  Corporation) .  This 
glass  was  a  development  of  a  program  whose 
objective  was  to  develop  a  fiber  with  high  tensile 
strength  at  high  temperatures.  Its  composition 
is  64%  SiOj,  26%  AIT);,,  and  10'%  MgO.  Room 
temperature  tensile  strength  of  S-994  is  ap¬ 
proximately  660,000  psi.  Its  specific  gravity  is 
2.48  (Reference  4).  S-994  roving  has  been  used 
extensively  in  rocket  motor  case  production  and 
offers  excellent  potential  for  radomes  where 
attachment  problems  or  other  high  tensile 
strength  applications  are  present. 

In  addition  to  the  mechanical  property  re¬ 
quirements,  the  electrical  property  require¬ 
ments  of  glass  for  radome  fabrication  are  im¬ 
portant.  E-Glass  has  a  dielectric  constant  of 
6.26  at  room  temperature  (8,5  gc),  whereas  S- 
994  under  the  same  conditions  has  a  dielectric 
constant  of  5.28.  The  loss  tangents  of  the  two 
glasses  are  0.001  and  0.0072,  respectively. 

The  dielectric  constant  of  the  composite  ra¬ 
dome  wall  is  a  function  of  the  dielectric  constant 
of  the  fiberglass  and  £he  resin.  For  a  half-wave 
wall,  a  lower  dielectric  constant  fiber  requires  a 
thicker  radome  wall.  Therefore,  if  the  physical 
properties  of  a  low  dielectric  constant  glass  are 
comparable  to  those  of  a  higher  dielectric  con¬ 
stant  glass,  the  lower  dielectric  constant  glass 
will  provide  a  stronger  and  more  rigid  struc¬ 
ture  because  of  the  greater  wall  thickness  of 
the  composite.  Two  recently  developed  glasses 
ure  of  interest  here.  D-556  was  developed  to 
have  a  low  dielectric  constant :  4.0  at  room  tern- 
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perature  (9376  gc).  While  its  physical  prop¬ 
erties  are  not  as  good  as  E-Glass,  its  low  dielec¬ 
tric  allows  the  design  of  a  half-wave  radome 
wall  with  greater  strength  than  the  E-Glass 
composite  because  of  the  greater  physical 
thickness. 

A  radome  wall  with  high  strength  plus  a 
reduction  in  weight  results  from  the  use  of 
hollow  E-Glass  fibers.  These  fibers,  developed 
by  the  Fiber  Glass  Division  of  Pittsburgh  Plate 
Glass  Company,  have  inside-to-outside  diameter 
ratios  of  approximately  0.6.  With  so  much 
emphasis  placed  on  aircraft  weight  reduction, 
hollow  glass  fibers  offer  a  new  approach  to 
strong  lightweight  electrical  radomes.  The  di¬ 
electric  constant  of  the  hollow  glass  is  lowered 
by  the  approximately  15%  void  volume  in  the 
composite.  The  strengths  of  the  fibers  are,  how¬ 


ever,  comparable. 

As  mentioned,  the  dielectric  constant  of  the 
fiberglass  reinforced  r.luai ><• ;»  «  function  of  the 
dielectric  constant  of  the  resin  and  glass.  This 
relationship  may  be  expressed  as : 

Loge=  (log  t  resin)  (vol  '/<•  resin)  f 
(log  e  glass)  (vol  r/<  glass) 

The  dielectric  constants  for  E-Glass,  hollow 
glass,  and  S-994  glass,  all  with  Vibrin  135,  are 
shown  as  a  function  of  resin  content  in  Figs. 
4-44  to  4-46,  respectively.  Also,  the  effect  of 
void  content  of  up  to  27c  on  the  dielectric  con¬ 
stant  of  the  composite  is  presented  in  these 
figures  (Reference  6). 

The  consideration  of  reinforcement  must 
include  the  sizing  or  coupling  agents  applied 
to  the  yarn  at  the  time  it  is  collected  on  the 
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winding  tube.  Aa  previously  pointed  out,  the 
size  performed  two  functions  in  the  drawing 
operation :  lubrication  and  binding.  Lubrication 
is  necessary  to  protect  the  gluaa  from 

interacting.  If  the  filaments  are  allowed  to  come 
in  contact,  flaws  and  scratches  will  result  and 
seriously  deteriorate  the  strength  of  the  giaas 
reinforcement. 

The  lubricant  is  usually  a  starch-oil  combina¬ 
tion.  The  starch  also  acts  as  a  binder  to  hold  the 
filaments  together  to  form  a  strand  of  yarn. 
To  develop  the  optimum  strength  of  a  flberglass- 
resin  laminate,  it  is  necessary  for  the  resin  to 
bond  firmly  to  the  glass.  Few,  if  any,  resins 
bond  to  the  bare  glass  because  of  differences  in 
molecular  “fit”  at  the  surfaces.  The  best  bonds 
have  been  developed  through  the  use  of  cou¬ 
pling  agents.  The  coupling  agents  are  complex 
molecules  that  bond  with  the  silano  groups  on 
the  glass  surface  and  react  with  the  organic 
reactive  sites  of  the  resins  during  the  curing 
process.  Two  general  types  are  in  use  today: 


chrome  methacrylates  and  silanes.  The  chrome 
complex  salts  are  generally  used  with  polyester 
resins,  the  silanes  with  epoxy  resinB. 

Briefly,  the  sizing  performs  three  functions: 
lubrication,  binding,  and  coupling.  However,  u 
substance  that  acts  as  a  good  lubricant  may 
have  an  adverse  effect  on  bonding.  For  textile 
yarns,  the  size,  usually  starch  oil,  may  be  burned 
off  by  slowly  oxidizing  the  woven  fabric  at 
650  "F  for  24  hr  or  more  with  an  optimum 
coupling  agent  added  in  a  bath.  In  the  case  of 
roving,  however,  the  glass  is  not  handled  as 
much  during  processing  and  the  lubricant  is 
less  critical  than  in  the  ease  of  filaments.  There¬ 
fore,  combination  lubricant-coupling  agents 
have  been  developed  that  do  not  have  to  be  re¬ 
moved  by  heat-cleaning  and  subsequent  re¬ 
coating. 

Coupling  agents  are  most  advantageous  when 
the  laminate  is  subject  to  the  presence  of  mois¬ 
ture.  If  the  chemical  bond  between  the  glass 
(through  the  coupling  agent)  and  the  resin  is 
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Flguro  4-45.  Hollow  Glass  and  Vibrio  135 — OUloctrit  Constant!  vs  Kotin  Conlont 
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very  strong,  water  is  prevented  from  entering 
the  laminate  by  “wicking”  along  the  shaft  of 
glass.  If  the  water  is  kept  out,  the  adhesion  and 
the  laminate  will  be  kept  strong  and  the  prop¬ 
erties  of  the  radome  will  be  optimum. 

4-16  FABRICATION 

4-16.1  INTRODUCTION 

In  its  simplest  form,  filament  fabrication  may 


best  be  illustrated  by  Fig,  4-47.  This  illustra¬ 
tion  provides  the  basis  for  discussinir  the  tech¬ 
niques  for  filament  winding  of  electromagnetic 
windows  in  the  following  paragraphs.  For  a 
detailed  presentation  of  filament  winding  pro¬ 
cesses  and  application,  see  Reference  6. 

4-16.2  FILAMENT  CONTROL 

One  of  the  major  factors  governing  the 
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Figure  4-47.  Schematic  Diagram  of  Radome  Filament  Fabrication 


quality  of  the  end  product  is  control  of  the  ten¬ 
sion  applied  to  the  filaments  of  a  filament-wound 
part  during  the  winding  operation.  Composite 
properties  that  are  influenced  by  tension  are 
resin  content,  void  content,  and  specific  gravity. 
These  properties,  in  turn,  affect  the  mechanical 
and  electrical  properties  of  the  system.  The  ten¬ 
sion  applied  is  sometimes  influenced  by  part 
configuration,  especially  in  the  nose  area  of 
radomes.  Therefore,  close  control  of  the  ten¬ 
sion  is  important  in  the  control  of  the  quality 
of  the  composite. 

Tensioning  of  the  filaments  is  generally  ac¬ 
complished  at  one  of  two  places.  It  may  be  ap¬ 
plied  through  a  braking  action  on  the  spool  or 
package,  or  it  may  be  applied  to  the  yarn  or 
roving  itself.  Application  of  tension  at  the  spool 
is  usually  undesirable,  especially  when  a  pre¬ 
impregnated  roving  is  used.  This  can  result  in 
excessive  resin  squeeze-out,  deformation  of  the 
roving  package,  fuzzing,  and  degradation  of  the 
roving.  Better  control  is  usually  obtained  by 
applying  tension  to  the  yarn  or  roving. 

The  three  types  of  tensioning  devices  most 
commonly  used  are  classified  as  electromagnetic, 
magnetic,  and  friction  tensioners. 

4-16.2.1  The  Electromagnetic  Tontionor 

The  electromagnetic  system  provides  greater 


flexibility  and  better  control  of  the  tension.  This 
system  acts  through  a  retarding  torque  applied 
to  a  guide  pulley,  around  which  several  turns 
of  roving  are  passed  alternately  with  an  idler 
pulley.  Adjustment  is  made  by  varying  the 
voltage  (usually  dc)  to  the  power  unit.  When 
the  desired  tension  is  obtained,  the  operator 
notes  the  voltage  indicated  on  the  control  panel, 
so  that  later  adjustments  may  be  made  and  still 
be  returned  to  the  original  setting  for  the  de¬ 
sired  tension.  Since  this  tension  is  applied  to 
the  roving,  a  bark-up  tensioner  is  required  at 
the  serving  pool  to  prevent  backlash.  This  is 
usually  a  magnetic  tensioner,  set  with  sufficient 
tension  to  prevent  the  spool  from  rotating 
freely. 

4-16.2.2  The  Magnetic  Tensioner 

The  magnetic  tensioner,  sometimes  called  a 
hysteresis  tensioner,  operates  by  the  mutual 
attraction  of  two  magnets.  Control  is  obtained 
by  adjusting  the  distance  between  the  magnets 
to  increase  or  decrease  the  braking  action  on 
the  mechanism.  Very  good  results  may  be  ob¬ 
tained  with  this  type  of  tensioning  device. 

4-16.2.3  The  Friction  Tontionor 

The  friction  type  of  tensioning  device  uses 
disks,  bands,  and  other  devices  specially  de- 
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signed  to  mechanically  apply  a  braking  action 
by  increasing  or  decreasing  the  friction  between 
two  moving  parts.  Tension  may  be  applied 
either  at  the  spool  or  to  11  ie  gloSo  roving  or 
strand.  This  type  of  mechanism  generally  is 
not  as  accurate  because  of  wear  on  the  friction 
surfaces,  the  introduction  of  foreign  matter  on 
the  friction  surfaces,  and  the  adjustment  mech¬ 
anisms  of  the  tensioning  device.  Where  close 
tension  control  is  not  so  necessary,  however, 
this  type  of  tensioner  will  perform  satisfac¬ 
torily. 

One  other  type  of  friction  tensioner  some¬ 
times  used  for  yarn  filament  winding  should 
be  mentioned.  This  device  consists  of  two  ce¬ 
ramic  coated  posts  placed  approximately  per¬ 
pendicular  to  the  path  of  travel  of  the  yarn. 
The  yarn  is  passed  under  the  bottom  of  one 
post  and  over  the  top  of  the  other.  Adjustment 
is  made  by  moving  these  posts  in  a  circuh  r  mo¬ 
tion  to  increase  or  decrease  the  angle  of  travel 
of  the  yarn.  This  brings  to  bear  a  greater  fric¬ 
tion  surface,  thereby  increasing  tension  on  the 
yarn.  There  is  some  possibility  of  degradation 
of  the  filament  yarn  by  this  method  of  tension¬ 
ing. 

In  conjunction  with  the  tensioners  noted 
above,  there  is  sometimes  a  need  for  sensing 
or  damping  devices.  This  is  especially  true  for 
filament  strands  traveling  at  a  high  speed  dur¬ 
ing  the  winding  operation.  These  devices  are 
usually  Springrloading  mechanisms  designed  to 
reduce  the  tension  differential  due  to  sudden 
acceleration  or  deceleration. 

In  summary,  the  tensioning  device  is  a  ma¬ 
chine  designed  to  provide  the  desired  filament 
tension  at  the  desired  location  during  the  fila¬ 
ment  winding  operation. 

4-16.3  THE  RESIN  BATH 

The  specific  resin  characteristics  are  dis¬ 
cussed  in  Appendix  4A.  Development  of  the  art 
of  impregnation  during  the  past  15  years  has 
resulted  in  four  or  five  methods  available  to  the 
fabricator. 

4-16.3.1  The  Wet-Dip  Method 

In  the  wet-dip  method,  the  roving  is  removed 
from  the  glass  ball  and  passed  through  a  dip 
tank.  This  may  be  a  one-end  roving  or  a  one 


hundi  d  every-end  roving.  The  resin  pickup 
or  resin  content  is  controlled  by  the  speed  ut 
which  the  roving  is  fed  into  the  tank,  the  ten- 
sic"  phciid  uper.  the  roving*  nnd  vi«r»iwitv  nf 
the  resin.  Control  is  also  affected  by  sliding  the 
impregnated  stock  over  two  or  three  rollers  or 
blades  immediately  after  removal  from  the 
tank.  The  roving  end  count  and  roving  glass 
finish  also  affect,  resin  pickup.  A  typical  tank 
diagram  is  shown  in  Fig.  4-48.  This  method 
is  rapid  and  allows  a  direct  tie  to  the  mandrel 
without  intermediate  steps.  It  is  more  appli¬ 
cable  for  circumferential  arid  helix  windings, 
but  not  particularly  satisfactory  for  longitu¬ 
dinal  winding. 

The  resin  content  control  range  of  3%  to  5 
is  not  considered  accurate  when  compared  to 
other  methods  of  impregnation.  The  choice  of 
resins  is  limited  to  given  ranges  of  viscosity 
and  pot  life.  High-viscosity  resin  systems  must 
be  heated  or  have  reactive  diluents  added  to 
bring  the  viscosity  to  about  1000  to  2000  centi- 
poises.  Pot  life  of  the  resin  limits  the  choice  of 
materials,  since  radomes  may  require  as  long  as 
4  to  12  hr  winding  time  for  a  given  stage  prior  to 
cure.  This  allows  the  resin  cure  reaction  to  pro¬ 
ceed  in  the  dip  tank  and  requires  a  constant 
correction  for  resin  pickup. 

Included  in  this  method  is  the  hot-dip  or  hot- 
melt  system,  which  is  quite  similar  to  the  wet- 
dip  method.  However,  in  this  case,  the  resin 
used  is  solid  at  room  temperature.  Therefore,  it 
must  be  heated  to  its  melting  point  or  slightly 
higher  before  the  glass  filament  can  be  passed 
through.  The  roving  is  then  passed  through  a 
double  roller  or  blades  to  remove  the  excess 
resin  and  achieve  resin  content  control.  It  is 
difficult  to  obtain  thorough  wet-out  of  the  strand 
with  this  method  and  the  resin  content  range 
is  high. 


Figure  4-48.  Diagram  of  Resin  Bath  Setup  for 
Wet-Dip  Method 
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Figur e  4-49.  Schematic  Diagram  of  Pre-Impregnation  Operation 


4-16.3.2  Th«  Pre-impregnation  Method 

As  the  name  of  the  method  implies,  the  glass 
yarn  or  roving  is  impregnated  prior  to  applica¬ 
tion  in  production.  This  allows  packaging,  stor¬ 
ing,  and/or  shipping  of  the  stock.  This  system 
is  widely  used  for  radome  fabrication.  It  is  used 
primarily  for  resins  other  than  polyesters, 
which  do  not  readily  lend  themselves  to  thi3 
type  of  handling.  To  be  handled  efficiently  as  a 
pre  preg  material,  the  resin  must  be  capable  of 
undergoing  partial  polymerization  or  be  soluble 
in  a  common  solvent.  A  pre-preg  may  be  pre¬ 
pared  by  running  the  glass  roving  through  a 
cut  resin  solution  and  then  through  a  drying 
or  B-staging  tower.  This  reduces  both  the  tack 
of  the  roving  and  the  softness  of  the  package 
when  it  is  respooled  from  the  tower.  A  sche¬ 
matic  diagram  is  Bhown  in  Fig.  4-49.  It  is  nec¬ 
essary  to  make  sure  that  the  roving  is  nearly 
dry,  or  nontacky,  before  it  can  be  respooled. 
The  heating  zone  is  designed  to  remove  excess 
solvent  and  promote  polymerization  to  a  given 
point.  If  the  solvent  content  is  too  high  or  the 
resin  has  not  reached  the  desired  degree  of  B- 
stage,  it  will,  when  respooled,  produce  a  soft 
and  sticky  package.  With  additional  age  on  the 
package,  it  becomes  nearly  impossible  to  un¬ 
spool  on  a  winding  machine.  The  soft  package 
allows  the  roving  to  pull  into  the  build  and  to 
break  easily.  This  makes  it  impossible  to  find 
the  broken  strand  in  the  build,  and  results  in 
scrapping  the  entire  spool.  If  the  resin  is  not 
advanced  to  the  right  degree  of  B-stage,  the 
roving  does  not  separate  readily  when  unwound. 
This  causes  hang-up,  fraying,  and  eventually 
loss  of  the  strand.  When  the  strand  is  lost  in 
a  tacky  spool,  it  is  nearly  impossible  to  start 
the  spool  again. 

Phenolica,  silicones,  epoxy  amides,  etc.,  may 
be  delivered  to  the  respooling  fixture  in  the 
state  of  controlled  tack,  nearly  dry.  Polyesters, 
on  the  other  hand,  are  a  “go-no  go’’  type  of 


system  that  cannot  be  delivered  to  the  respool- 
ing  fixture  in  a  partially  polymerized  state.  Dry¬ 
ing  additives  must  be  used  to  compensate  for 
this  characteristic.  Pro-preg  materials  may  be 
obtained  in  roving,  yarn,  cordage  and  unidirec¬ 
tional  tapes.  Resin  content  tolerance  is  in  the 
range  of  0.75%  by  weight.  Pre-preg  suppliers 
can  produce  almost  any  type  of  wind  pattern 
in  the  spool  with  almost  any  degree  of  tack  re¬ 
quired  by  the  various  types  of  winding  ma¬ 
chines.  Its  main  disadvantages  are  resin  content 
control,  additional  handling  of  the  glass,  and, 
with  some  systems,  poor  shelf  life. 

4-16.3.3  The  Hybrid  Impregnation  Method 

This  syBtem  is  an  offspring  of  the  wet-dip 
and  preimpregnation  methods.  The  hybrid  uses 
the  resin  undiluted  and  catalyzed  as  in  the  wet- 
dip  method,  then  respools  the  stock  without  any 
forced  polymerization  or  B-staging,  as  in  the 
usual  pre-preg  materials.  This  is  illustrated  in 
Fig.  4-60.  The  roving  strand,  A,  is  pulled  from 
the  inside  of  the  package  or  ball  and  delivered 
to  B.  Item  B  is  a  grooved  wheel,  with  the  width 
of  the  groove  governing  the  spread  of  the  fiber 
or  band  width.  From  point  C,  resin  is  forced 
from  the  nozzle  by  the  pump.  The  amount  of 
resin  delivered  is  governed  by  the  weight  of 
the  glass  strand  being  impregnated.  The  resin 
is  injected  into  the  groove  of  the  spool  and,  as 


Figure  4-50.  Schematic  Diagram  of  Hybrid 
Impregnation  Operation 
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i he  wheel  turns,  forces  the  resin  through  the 
fibers  down  into  the  groove.  The  rate  of  deliv¬ 
ery,  the  glass  weight,  and  the  pump  must  he 
synchronized  to  deliver  the  quantity  of  resin 
to  provide  the  desired  resin  content.  After  the 
roving  is  respooled  at  D,  it  i:  packaged  and 
placed  in  a  storage  box  at  72°F  to  80°F  for  24 
to  48  hr.  This  permits  a  more  thorough  wetting 
of  the  fibers.  When  the  strand  of  glass  is  pulled 
from  the  ball,  a  certain  amount  of  twist  is  in¬ 
troduced,  which  tends  to  slow  down  the  com¬ 
plete  wetting  of  the  fiber.  This  type  of  system 
allows  extremely  close  control  over  resin  content 
to  within  ±1%  by  weight.  The  primary  dis¬ 
advantage  of  this  system  is  one  of  economics, 
since  a  separate  machine  is  required  for  each 
roving  3trand.  The  method  is  also  limited  to 
those  resin  systems  possessing  a  relatively  long 
pot  life.  If  B-staging  takes  place,  as  would  be 
the  case  using  an  amine  epoxy  system,  it  be¬ 
comes  nearly  impossible  to  remove  the  roving 
from  the  spool  during  the  winding  operation. 
The  viscosity  change  causes  the  tack  to  increase. 
This,  in  turn,  causes  fraying  and  loss  of  the 
roving  end  during  winding.  When  this  occurs, 
the  glass  must  be  scrapped  and  cut  from  the 
spool.  The  method  is  quite  efficient  for  poly¬ 
esters  using  peroxide  catalysts,  epoxies  using 
latent  or  anhydride  catalysts,  or  a  solid  polymer 
suspended  in  a  solvent  vehicle. 

4-16.4  FILAMENT  WINDING 

Since  1967,  several  new  techniques  have  been 
developed  for  filament  winding  radome  struc¬ 
tures,  which  are  basically  variations  of  two 
methods:  helix  and  polar  fabrication.  The  dis¬ 
cussion  of  fabrication  will  cover  the  steps  in¬ 
volved  as  the  impregnated  stock  is  delivered  to 
the  mandrel. 

4-16.4.1  Helical  Winding 

1 

A  helix  is  defined  as  the  curve  formed  on  any 
cylinder  by  a  straight  line  in  a  plane  that  is 
wrapped  around  the  cylinder,  as  the  ordinary 
screw  thread.  Herein  lies  one  of  the  problems 
in  radome  manufacture  by  this  method.  As 
shown  by  Fig.  4-61  the  fiber  must  cross  over, 
not  the  end  of  the  structure,  such  as  the  cylin¬ 
der  in  one  case,  but  over  part  of  the  ogive  of 
a  given  value.  This  produces  two  problems:  (1) 
roving  slippage;  (2)  as  roving  strands  are 


added,  it  eventually  leads  to  a  crosshatch  or 
crossover  pattern.  At  each  point  of  crossover, 
a  space  is  formed.  This  produces  a  void  if  the 
resin  content  of  the  impregnated  roving  is  16'/ 
to  20 y<.  by  weight.  This  space  wiii  be  niied  by 
resin  if  the  resin  content  is  greater  than  30'/. 
by  weight,  in  the  roving. 

With  a  cylinder,  the  crossover  pattern  is  quite 
uniform  and  provides  a  unit  with  a  resin  con¬ 
tent  similar  to  a  laminated  fabric  (30 %  to 
36  r/o).  In  the  case  of  a  radome,  however,  the 
curvature  produces  a  nonuniform  spacing  of 
the  roving.  This  produces  a  variation  in  the 
electrical  thickness  of  the  wall,  since  the  di¬ 
electric  constant  is  dependent  upon  what  medi¬ 
um,  air  or  resin,  fills  the  crossover  space.  For 
a  conical  shape,  the  electrical  taper  will  be  re¬ 
latively  uniform,  but  for  an  ogive  or  hemi¬ 
sphere,  the  change  in  electrical  thickness  will  be 
variable.  Measurements  have  shown  that  for 
a  36-in.  unit  (an  ogive  36  in.  in  length  with  a 
base  diameter  of  13  in.),  the  resin  content  from 
base  to  tip  may  vary  as  much  as  10%  by  weight. 
This  will  cause  an  electrical  thickness  change 
of  about  6  to  7  degrees. 

4-16.4.2  Th«  Circ-Longo  Drop-Stitch  Method 

The  circumferential,  longitudinal-fiber  drop¬ 
out  method  of  winding  is  by  far  the  most  com¬ 
plicated  technique  for  radome  manufacture 
employing  filament  winding.  But,  in  return  for 
complexity,  the  greatest  uniformity  in  electrical 
and  mechanical  properties  is  obtained.  This 
method  is  more  accurately  described  as  circum¬ 
ferential  and  polar  orientation,  as  shown  in  Fig. 
4-62.  The  radome  is  fabricated  in  distinct  layers 
or  piles.  Each  ply  is  either  longitudinally 
(polar)  oriented  or  circumferentially  oriented. 
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Figure  4-52.  Circo  and  Long o  Fiber  Pattern  on 
Itadome  Mandrel 


Figure  4  >54.  Diagram  of  Clrto  Fib' ;%  on  High 
Curvature  Portion  of  Mandrel 


Figure  4-53.  Diagram  for  Calculating  Circo  and 
Lon  go  Fiber*  for  Detlred  Wall  Thlcknette* 

For  the  application  of  the  circumferential 
strands,  the  band  width,  number  of  roving 
strands,  total  distance  traveled,  and  rotational 
speed  of  the  machine  are  known,  so  that  the 
pattern  may  be  calculated,  as  shown  in  Fig,  4-63. 

The  basis  for  figuring  part  thickness  is  TPI 
(threads  per  inch)  s=s  0.001  in.  thickness/layer 
or  ply  (using  30  end  roving). 

Example : 

30  end  roving,  16  TPI  =  0.016  in./layer 
30  end  roving,  20  TPI  =  0.020  in./layer 

1.  Circo:  To  obtain  circo  thickness,  the  cor¬ 
rect  gear  ratio  must  be  determined  to 
obtain  the  necessary  TPI.  The  circo  thick¬ 
ness  is  the  thickness  provided  by  the 
circumferentially  wound  roving. 

2.  Longo:  To  determine  how  many  longos 
are  needed  for  the  desired  thickness,  mul¬ 
tiply  TPI  by  the  circumference  of  the 
mandrel  and  divide  by  2.  If  the  mandrel  is 


Figure  4-55.  Diagram  of  Plate  of  Tip  Method  tor 
Controlling  Slippage  of  Circo  Fiber*  on  High 
Curvature  Portion  of  Mandrel 

tapered,  the  ircumference  of  the  base  is 
used. 

The  normal  sequence  of  operation  is  to  apply 
the  roving  at  the  tip  and'  move  toward  the  base. 
Many  of  the  high  performance  radomes  are 
not  cones  but  ogives.  When  the  roving  is  applied 
at  the  point  of  high  curvature,  it  slips,  as  shown 
in  Fig.  4-64. 

Consequently,  if  the  frictional  force,  F,  is  less 
than  R,  the  strand  will  move  forward.  This 
generally  limits  the  included  angle,  0,  made  by 
the  tangent  of  the  surface  to  a  maximum  of 
16  degrees.  If  this  is  exceeded,  auxiliary  means 
must  be  used  to  hold  the  strand  in  place.  Such 
methods  include  roughing  the  mandrel  surface, 
applying  abrasive  strips,  reducing  the  tension 
applied  to  roving,  or  using  a  dummy  tip,  plate, 
or  back  wind  as  shown  in  Fig.  4-56.  This  is  ac¬ 
complished  by  filling  space  T-M  so  that  when 
the  roving  is  applied  to  the  mandrel  proper, 
■he  vertical  force  is  against  the  buildup;  this 
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simply  prevents  the  strands  from  being  dis¬ 
placed.  Once  the  critical  point  of  curvature  is 
passed,  the  winding  proceeds  as  if  winding  on 
a  cylinder. 

Application  of  circumferential  strands  also 
has  a  limit  to  the  bandwidth  of  the  roving  that 
may  be  used.  This  is  shown  in  an  exaggerated 
form  in  Fig.  4-56.  From  this,  it  can  be  seen  that 
the  greater  the  bandwidth,  the  smaller  the 
value  for  y.  This  has  the  effect  of  stretching  the 
roving.  If  the  bandwidth  becomes  sufficiently 
large  the  roving  must  be  distorted  to  conform 
to  the  mandrel,  which  allows  the  void  content 
of  the  composite  to  increase. 

The  application  of  longitudinal  fibers,  as 
shown  in  Fig.  4-67,  is  somewhat  more  compli¬ 
cated.  This  figure  shows  that  in  polar  winding, 
the  fibers  have  only  two  apparent  points  of 
origin,  one  at  the  base  and  one  extended  beyond 
the  end  of  the  mandrel.  Consequently,  the  same 
number  of  fibers  is  carried  to  the  tip  or  reduced 
diameter  of  the  mandrel.  For  a  given  pattern 
or  thickness  of  longitudinal  fibers  at  the  nose, 
the  thickness  of  the  ply  at  any  given  station  on 
the  mandrel  may  be  found  as  follows : 

Vi  =  volume  of  the  part  at  the  base 
with  radius  r,„ 

Since  the  mass  of  material  applied  has  not 
changed,  V,  is  constant  and  is  equal  to  V„,  the 
volume  at  any  given  station,  then 

Vf  =  VB  =  V„—  Vm 

where  V,  =  volume  of  the  part 

Vm  —  volume  of  the  mandrel 

V,  =  irrM-h/3  —  irr„,'h/3  tor  a  cone 

(4-2) 

V„  =  (rp2  —  rM2)  (4-3) 
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Fi gure  4-S7.  Diagram  of  Longitudinal  Fiber  Pattern 

The  problem  then  arises  of  reducing  the  unit 
to  a  constant  thickness.  This  is  accomplished  by 
drop-stitching.  By  knowing  the  geometry  of 
the  mandrel  and  rate  change  of  curvature  for 
any  given  station,  and  what  r,,  should  be  in  Eq. 
4-4  for  that  station,  it  is  possible,  using  special¬ 
ized  equipment,  to  tag  a  sequence  of  fibers  as 
they  are  applied. 

These  strands  are  mechanically  tagged  or 
located.  When  the  desired  thickness  is  obtained 
at  the  baBe  of  the  mandrel,  the  turntable  is 
reversed.  Then  certain  strands  are  thrown  out 
of  the  pattern  according  to  the  sequence  in 
which  they  were  tagged.  By  means  of  a  template 
set  to  the  outside  contour  of  the  part,  the  fibers 
are  located  according  to  station  line  and  cut  to 
give  r„  of  Eq.  4-4.  When  this  is  completed,  the 
longo  pattern  is  a  constant  thickness  from  tip 
to  base  and  contains  continuous  fibero  from  tip 
to  base. 
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Figure  4-56.  Diagram  Showing  Effect  of  Bandwidth 
of  Fiber  on  Overlap  Pattern 


4-16.4.3  Tho  Circ-Gors  Method 

The  circ-gore  method  differs  from  the  previ¬ 
ous  one  only  with  respect  to  the  application  of 
the  longitudinal  fibers.  A  gore  may  be  defined  as 
a  triangular  or  wedge-shape  insert  or  section 
of  a  whole.  In  this  method,  the  circumferential 
fibers  are  applied  as  previously  mentioned 
(Paragraph  4-16,4.2).  The  gore  simply  replaces 
the  longitudinal  winding.  The  surface  to  be  cov- 
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Figure  4-58.  Sfcefch  of  Gore  Pattern  on  Fiberglass 
Tape 

ered  in  marked  in  equal  sections,  so  that  the 
gores  appear  as  shown  in  Fig,  4-68.  The  gore 
is  cut  from  a  unidirectional  tape  or  sometimes 
from  a  glass  fabric.  The  tape,  depending  upon 
the  width  of  the  gore,  may  be  commercially 
available.  If  the  width  is  greater  than  com¬ 
mercial  stock,  the  tape  may  be  manufactured 
conveniently  by  winding  circumferential  fibers 
on  a  drum  to  the  desired  width  of  the  gore.  The 
fibers  may  be  overlaid  with  polyvinyl  alcohol 
(PVA)  or  paper  that  serves  as  a  backing  to 
facilitate  handling.  Then  the  circs  are  cut  and 
the  whole  winding  laid  out  flat.  Next,  the  gore  is 
cut,  using  a  template,  and  applied  to  the  unit 
very  much  like  a  standard  hand  lay-up,  using 
either  a  butt  joint  or  an  overlap  joint. 

From  this  description,  it  can  be  seen  that 
the  fabrication  of  high-performance  radomes 
requires  considerable  hand  tailoring  to  obtain 
an  unbroken  pattern.  Therefore,  for  radomes 
that  must  withstand  very  high  stress  levels, 
this  method  does  not  obtain  efficient  use  of  the 
structural  characteristics  of  the  longitudinal 
fibers. 

4-16.4.4  The  Circ-Longo  Grind  and  Circ-longo 
Sack  Method 

This  method  is  the  same  as  that  covered  in 
Paragraph  4-16.4.2,  except  that  a  grinding  op¬ 
eration  replaces  that  of  drop-stitching.  Thus, 
a  cure  stage  is  required  after  every  application 
of  a  longo  layer.  This  method  allows  the  build¬ 
up  of  fibers  due  to  change  in  diameter  and 
simply  grinds  the  surface  to  the  desired  physical 
thickness.  This  method  lends  itself  more  to 
conical  shapes.  In  some  ogive  shapes,  the  fiber 
pattern  might  be  such  that  the  longo  may  be 
ground  through,  thus  leaving  an  extreme  dis¬ 
continuity  of  fiber  from  base  to  tip. 

The  primary  advantage  of  this  method  is  that 
it  facilitates  rapid  production  by  the  use  of  a 
“longo  sock”  in  place  of  winding  directly  on  the 


mandrel.  Two  rings  are  employed :  One  fits  the 
base  of  the  mandrel  and  the  other  has  a  diameter 
of  4  to  6  in.  The  rings  are  mounted  on  a  spike 
or  wind  axis.  The  longo  fibers  are  wound  from 
one  ring  to  the  other  to  produce  the  longo  sock. 
The  rings,  in  turn,  rotate  to  present  a  new  sur¬ 
face  to  the  filament,  after  each  loop  is  completed. 

The  machine  winds  a  longo  pattern  just  as  it 
would  if  it  were  winding  directly  on  the  mandrel 
or  part.  The  required  number  of  revolutions  is 
made  to  provide  the  desired  thickness  at  the 
base  of  the  mandrel;  then  the  two  ringB  are 
disengaged.  The  sock  may  then  be  stored  by 
folding  or  by  simply  hanging  it  by  one  of  the 
rings.  When  the  sock  is  to  be  used,  it  is  dropped 
over  the  top  of  the  mandrel  and  the  base  and 
top  rings  are  locked.  Circs  are  wound  to  hold  it 
in  place  and  provide  pressure,  and  the  entire 
system  is  cured  until  sufficiently  hard  for  grind¬ 
ing.  With'  the  proper  choice  of  resin  systemB, 
the  socks  may  be  stored  for  long  periods  of 
time  and  be  ready  for  immediate  use.  Control 
of  fiber  orientation  is  poor  and  electrical  uni¬ 
formity  of  the  unit  is  much  poorer  than  with 
other  methods.  Also,  as  pointed  out,  this  method 
is  generally  limited  to  the  production  of  conical 
shapes. 

4-16.5  METHODS  OF  CURE 

The  curing  of  filament-wound  radomes  is 
carried  out  under  conditions  normally  used  for 
the  manufacture  of  reinforced  plastic.  There 
are  limitations,  however,  imposed  by  the  maxi¬ 
mum  temperature  and  the  rate  of  heating  that 
may  be  used.  If  it  is  necessary  to  cure  the  unit 
above  350°F  to  426UF,  the  part  usually  sepa¬ 
rates  from  the  mandrel.  This  causes  a  loss  of 
reference  and  accurate  wall  thickness  cannot 
be  obtained.  Therefore,  when  conditions  require 
such  a  cure,  the  part  is  ground  to  the  required 
physical  and/or  electrical  thickness  after  the 
part  has  had  an  initial  cure  below  350°F.  The 
change  in  physical  thickness  caused  by  post-cure 
and  any  change  in  dielectric  constant  of  the 
composite  may  then  be  determined.  With  these 
data,  the  radome  wall  may  be  ground,  after  an 
initial  cure,  to  reach  the  target  thickness  upon 
post-curing.  The  final  configuration  will  then  be 
on  target  after  post-cure,  which,  for  some  sys¬ 
tems,  may  be  quite  long  (160  hr)  and  at  rela¬ 
tively  high  temperatures  (660°F  to  7G0°F). 
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The  rate  «-f  heating  must  not  be  too  high. 
However,  this  is  usually  riot  a  problem  unless 
the  part  is  small.  For  certain  radomes,  it  is 
desirable  to  provide  curing  heat  from  the  inside 
of  the  mandrel  as  well  as  from  the  outside. 
This  technique  reduces  the  chances  of  forming 
hot  spots,  which  ma>  result  in  separation  of  the 
radorne  from  the  mandrel. 

In  summary,  the  properties,  behavior,  and 
general  nature  of  the  various  resin  systems 
should  be  carefully  considered  before  they  are 
incorporated  in  a  tilament-wound  radorne  struc¬ 
ture. 

4-16.6  DIMENSIONAL  CONTROL* 

Control  of  the  physical  thickness  of  the 
radorne  wall  is  of  prime  importance  not  only 
to  the  radorne  designer,  but  also  to  tiie  fabrica¬ 
tor.  The  degree  of  control  depends  upon  the 
time  required  for  range  correction  and  whether 
the  radorne  will  .meet  the  electrical  require¬ 
ments.  Dimensional  control  is  not  limited  to 
the  tolerance  on  wall  thick,  ess,  but  must  also 
be  considered  in  the  pattern  of  each  individual 
layer  or  ply.  The  control  is  necessary  for  elec¬ 
trical  uniformity  and  is  often  used  to  obtain 
the  maximum  structural  efficiency  from  the 
unit.  The  bunching  of  fibers,  as  well  as  crossover 
and  voids,  produces  dielectric  holes  that,  in 
turn,  affect  boresight  error  and  rate,  which 
are  quite  difficult  to  correct  by  range  testing. 
The  final  grinding  of  the  wall  thickness  to  a 
given  target  may  be  accomplished  in  several 
ways.  These  are  discussed  in  the  following  para¬ 
graphs. 

4-16.6.1  Physical  Grinding  Control:  Ultrasonic* 

Ultrasonics  ma^  be  defined  as  pertaining  to 
vibrations  and  waves  that  have  frequencies 
greater  than  those  that  affect  the  human  ear; 
that  is,  greater  than  20,000  cps.  The  ultrasonic 
gauge  has  been  widely  used  to  measure  radorne 
wall  thickness.  It  employs  a  continuously  vary¬ 
ing  frequency  that  may  range  from  0.5  X  10"° 
to  25  X  lO-"  cps.  This  signal  is  changed  to  a 
mechanical  vibration  via  transducers.  As  in 


*  See  paragraph  5-4, 


electromagnetics,  when  the  waves  nr  ,  ihnitions 
strike  a  different  medium,  reflection  occurs. 
This  reflection  is  p.cked  up  by  the  same  trans¬ 
ducer  «nH  it*  umpiifioU  When  the  reflected  w« » t; 
is  in  resonance  with  an  outgoing  signal,  a 
change  in  load  on  the  circuit  results.  The  re¬ 
sultant  signal  is  fed  to  u  cathode-ray  tube  and 
shows  up  as  a  fundamental  or  harmonic  reso¬ 
nant  frequency.  The  resonant  frequency  of 
sound  varies  inversely  with  the  thickness  of 
the  medium.  Thus,  the  resonant  frequency  of 
a  given  material  may  be  correlated  to  thickness. 
Therefore,  calibration  of  a  scale  with  the  ma¬ 
terial  being  measured  allows  a  direct  reading 
of  the  thickness  with  the  ultrasonic  gauge. 

Use  of  this  type  of  measurement  has  many 
economic  advantages,  The  instrument  may  be 
relatively  small  and  portable.  Measurements 
may  be  made  with  the  radorne  on  the  mandrel  or 
on  the  radar  range.  If  he  radorne  has  a  high 
degree  of  homogeneity,  measurements  of  thick¬ 
ness  to  0.001  in.  are  possible.  One  difficulty  may 
be  encountered ;  a  reflected  wave  may  be  distinct 
enough  to  cause  a  standing  wave  that  exceeds 
the  range  of  the  calibration  scale,  preventing 
distinct  readings  from  being  made. 

4-16.6.2  Electrical  Grinding  Control 

The  reflection  interferometer  (one-horn  in¬ 
terferometer)  is  a  convenient  instrument  used 
by  Brunswick  Corporation  to  control  the  man¬ 
ufacture  of  filament-wound  radomes.  The  device 
provides  readings  of  the  electrical  thickness 
of  a  radorne,  because  it  is  sensitive  to  changes 
in  both  physical  thickness  and  dielectric  con¬ 
stant. 

The  reflection  interferometer  consists  of  a 
microwave  bridge,  a  suitable  graphic  recording 
device,  and  the  mechanical  devices  necessary 
to  position  the  interferometer  and  survey  the 
radorne  in  known  portions.  The  microwave 
bridge  compares  the  phase  of  a  stable  reference 
signal  to  tlr  phase  of  signal  reflected  from  the 
metal  mold,  or  mandrel,  on  which  the  rudome 
is  built.  The  reflected  signal  travels  twice 
through  the  radorne  wall;  thus,  its  phase  is 
dependent  on  the  electrical  wall  thickness.  The 
manner  in  which  reflected  phase  depends  on 
electrical  wall  thickness  is  described  by  the 
following  equation : 
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(4-6) 

where :  R'  reflected  phu.sc, 

degrees 

S  .-i  interferometer  horn  to 
radome  wall  spacing, 
in. 

d  =  physical  thickness,  in. 

e'  —  relative  dielectric  con¬ 
stant 

X0  =  wavelength,  in.,  at  the 
interferometer  fre¬ 
quency 

<t>  =  electrical  thickness 
(degrees)  =  360°  d/X« 

V? 

—2  tan- 1  —  term  dependent  on  the 

'  v€  •  electrical  wall  thick¬ 
ness 

180°  =  phase  reversal  caused 
by  reflection  at  metal 
surface 

—720"  S/X0  =  term  dependent  on  the 
spacing  of  the  inter¬ 
ferometer  horn  and  the 
radome  wall 

The  third  term  of  Eq.  4-6  is  known  because 
the  spacing  is  measured  for  the  desired  scan 
paths. 

Reference  dielectric  panels  are  usually  con¬ 
structed  for  the  range  of  electrical  thickness 
values  specified  in  a  particular  radome  design. 
The  reflection  interferometer  is  then  calibrated 
by  utilizing  the  known  panels.  This  procedure 
is  necessary  because  the  microwave  bridge  reads 
relative  phase  only ;  it  does  not  have  an  absolute 
starting  point.  This  calibration  procedure  also 
verifies  that  the  interferometer  is  operating 
properly,  i.e.,  that  deviations  from  Eq.  4-6  are 
small. 

In  the  manufacturing  process,  the  reflection 
interferometer  is  used  to  obtain  continuous 
plots  of  electrical  thickness  as  a  function  of 
position  on  the  radome.  Compensation  is  made 
for  deviations  from  the  design  value  by  ap¬ 
propriately  changing  the  physical  thickness  of 
the  radome  wall  (by  grinding).  The  tolerance 
within  which  this  target  value  may  be  reached 
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4-16.6.3  Physical  Thickness  Measurement:  The 
Feeler  Gauge  Method 

Measurement  of  the  physical  thickness  of  a 
radome  w  11  during  the  grinding  oj.oiation  by 
the  feeler  gauge  method  is  based  primarily  on 
the  relationship  of  two  objects:,  the  grinding 
head  or  wheel  and  the  mandrel.  This  relation¬ 
ship  is  established  or  determined  by  means  of 
a  reference  point  or  position,  thereby  giving  a 
starting  point  from  which  other  measurements 
may  be  taken. 

There  are  three  common  methods  for  deter¬ 
mining  this  reference  point : 

1.  Measurements  and  positions  of  the  grind¬ 
ing  wheel  and  mandrel  are  taken  at  the 
time  of  grinding  the  mandrel.  It  is  then 
known  that  if  all  of  these  measurements 
and  positions  are  duplicated,  the  same 
relationship  will  be  reestablished. 

2.  On  a  surface  of  revolution  part,  the  diam¬ 
eter  of  the  part  can  be  measured,  and 
if  the  mundrel  diameter  is  known  at  this 
position,  the  part  thickness  is  calculated 
and  the  grinding  mechanism  adjusted  and 
positioned  bt  a  predetermined  distance 
from  the  part. 

3.  Measurement  of  part  thickness  mi..,  be 
determined  by  means  of  a  depth  gauge 
through  a  small  hole  drilled  in  the  part. 
The  grinding  mechanism  is  then  adjusted 
as  in  2. 

After  the  relationship  is  established,  physical 
thickness  may  be  measured  throughout  the 
length  of  the  part  by  letting  the  grinding  head 
traverse  the  part,  taking  measurements  of  the 
distance  between  the  part  and  the  grinding 
wheel  by  means  of  a  feeler  gauge.  The  difference 
in  the  “feel”  at  these  positions  will  give  the 
part  thickness  at  the  reference  points. 

The  traverse  of  the  grinding  mechanism  is 
controlled  by  two  methods:  a  production  cam 
or  a  profile  template,  Both  of  these  devices  are 
contoured  to  the  Outer  Mundrel  Line  (OML), 
or  the  configuration  of  the  outer  surface  of  the 
finished  part.  When  the  production  cam  is  used, 
the  grinding  mechanism  is  moved  through  u 
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following  or  duplicating  system  activated  from 
a  follower  wheel  rotating  on  the  surface  of  the 
production  cam.  At  any  position  of  tlic  follower 
wheel  on  the  production  cam,  the  grinding  wheel 
is  moved  to  a  corresponding  position  on  the  part. 
From  this  position,  a  feeler  gauge  measurement 
can  be  taken  between  the  pari  and  the  grind¬ 
ing  wheel  and  the  part  thickness  calculated.  The 
profile  template  is  similar  except  that  the  grind¬ 
ing  mechanism  traverses  the  part  at  a  constant 
distance  from  the  part  as  controlled  by  rollers 
and  guides  working  on  the  edge  of  the  template. 
Measurements  are  taken  much  in  the  same 
manner,  as  with  the  production  cam  measure¬ 
ments.  Adjustments  are  then  made,  if  required, 
and  the  part  is  ground  to  the  desired  physical 
thickness. 

There  are  many  variables  inherent  in  this 
measuring  system  that  must  be  considered. 
They  are  grinding  wheel  diameter,  grinding 
wheel  edge  radius,  follower  wheel  diameter  and 
radius,  grinding  wheel  wear,  machine  inac¬ 
curacies,  operator  proficiency,  and  preliminary 
machine  setup.  However,  with  sufficient  knowl¬ 
edge  of  the  machine’s  history  and  ordinary  pre¬ 
cautions  taken  in  the  machine  setup,  consistent¬ 
ly  good  results  can  be  obtained  with  this  method 
of  physical  thickness  control. 


4-16.7  ADDITIONAL  METHODS  OF  COMPOSITE 
RADOME .  FABRICATION 

With  the  use  of  any  of  the  methods  described 
in  Paragraph  4-18.1,  several  variations  may  be 
used,  as  in  conventional  laminating.  Honeycomb 
structures  may  be  incorporated  for  “A”  sand¬ 
wich  construction.  The  inner  skin  is  fabricated 
as  a  thin-wall  composite.  The  honeycomb  of  a 
given  density  is  then  applied  to  the  composite  if 
uncured,  or  to  an  adhesive  film  over  the  com¬ 
posite  if  cured.  The  honeycomb  is  bonded  under 
the  pressure  of  a  vacuum  bag  or  an  autoclave. 
Then  the  outer  skin  is  applied  as  a  thin-wall 
composite.  This  allows  the  fabrication  of  very 
thin  skins  to  close  dimensional  control  i  id  high 
mechanical  characteristics.  To  prevent  resin 
drain  into  the  honeycomb,  a  controlled  B-stage 
roving  or  a  film  adhesive  is  used  for  the  outer 
skin.  This  will  find  more  application  for  doppler 
and  side-looking  radomes  than  nose  radomes. 

As  an  extension  of  the  honeycomb  approach, 


foam  may  be  used  to  replace  the  honeycomb. 
Since  the  honeycomb  causes  serious  problems 
because  of  the  look  angle  in  nose  radomes,  a 
dielectric  filled  syntactic  foam  may  be  used. 
Again,  each  skin  is  treated  as  a  thin-wall  com¬ 
posite.  The  syntactic  foam,  with  a  dielectric  to 
match  the  skin,  is  applied  to  the  inner  skin  and 
cured.  The  foam  is  sealed  with  a  very  thin 
coating  to  prevent  resin  absorption  from  the 
filament.  The  outer  skin  is  then  applied.  This 
method  has  the  advantage  that  each  section  may 
be  monitored  for  electrical  thickness  control, 
so  that  final  grinding  of  the  outer  skin  to  com¬ 
pensate  for  electrical  thickness  may  be  mini¬ 
mized.  The  primary  use  is  to  reduce  weight;  for 
example : 

Filament  Composite 

Specific  Gravity  2.1 

Density  131  lb/ft:l 

Dielectric  Foam 

Density  15  to  30  lb/ ft'1 

It  is  not  efficient  to  use  this  approach  with 
a  combination  of  roving  and  glass  fabric  where 
attachment  areas  require  high  bearing  or  pin 
pull-out  loads.  This  requires  a  higher  than 
normal  pressure,  particularly  if  a  resin  system 
is  used  that  produces  byproducts  such  as  water 
of  condensation.  It  is  possible  to  exert  high 
pressure  by  using  filament  over-wrap,  as  indi¬ 
cated  by  the  following  equations: 


T  v  TPI 

P  = -  for  winding  at  90"  to  the  axis 

(4-6) 


4T  re  x  TPI  XNQ 
Dm  X  B.W. 


for  helical  winding 
(4-7) 


where  B.W.  =•  bandwidth,  in. 

D,„  =  diameter  of  mandrel,  in. 

NQ  =  number  of  hel  cal  layers 
P  =  normal  force  or  pressure,  psi, 
between  the  mandrel  and  the 
first  layer  of  glass 
T  tension,  Ib/thread 
TPI  =  threads/in. 

r  =  radius  of  curvature,  in. 
a  =  winding  angle,  degrees 
With  this  technique  it  is  possible  to  develop 
the  high  pressures  required  for  molding  con¬ 
densation  polymers. 
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Figure  4-59.  Drawing  of  Setup  Deed  to  Remove  Filament-Wound  Radome 

from  Mandrel 


4-17  FINISHING  METHODS 

As  the  filament-wound  radome  leaves  the 
grinding  operation,  it  has  a  surface  finish  of 
approximately  140  micro-in.  This  finish  may 
be  improved  by  a  seal-coat  operation. 

The  first  step  in  the  seal-coat  operation  con¬ 
sists  of  hand  sanding  very  lightly  with  a  200- 
grit  paper.  This  cleans,  as  well  as  smooths,  the 
surface.  Next,  a  coating  formulation  is  squeegeed 
onto  the  part  in  a  very  thin  layer,  taking  care 
to  avoid  ridges  and  uneven  areas.  This  formula¬ 
tion  consists  of  Epon-828  epoxy  resin  with 
Cab-o-sil  as  a  filler.  Curing  agent  DTA  is  used 
and  the  coating  is  cured  for  1  hr.  at  .180  °F. 
The  surface  is  again  sanded,  usually  immedi¬ 
ately  before  the  final  coating  is  applied.  This 
type  of  coating  will  give  a  surface  finish  of 
approximately  100  micro-in.  on  the  filament- 
wound  part. 

The  final  finish  will,  of  course,  depend  on  the 
type  of  coating  required  on  the  radome.  In 
some  cases,  epoxy  paint  is  used  for  a  coating, 
but  on  moat  radomes,  the  finish  consists  of  a 
rain-erosion  resistant  coating,  which  is  dis¬ 
cussed  in  Chapter  8. 

4-18  PAST  REMOVAL  METHODS 

After  completion  of  the  final  grind  and  meas¬ 


urement  of  physical  thickness,  the  radome  is 
ready  for  removal  from  the  mandrel.  A  diamond 
cutoff  blade  is  used  to  cut  through  the  part  to 
the  mandrel  surface  and  the  lock  ring  portion  of 
the  part  is  removed.  Location  of  thiB  cut  is 
usually  2  or  3  in.  lower  or  aft  of  the  final  trim 
line.  In  some  cases,  especially  with  a  thin-wall 
radome,  a  second  cut  is  made  1  or  2  in.  below 
the  first  cut  to  provide  a  buffer  or  protection 
ring.  This  prevents  damage  to  the  radome  dur¬ 
ing  the  removal  operation.  The  radome  and 
mandrel  are  then  removed  from  the  grinder  and 
placed  in  the  part  removal  jig.  (See  Fig.  4-59.) 

The  mandrel  is  securely  fastened  to  the  re¬ 
moval  jig  by  means  of  dogs  that  are  located 
to  catch  inside  the  mandrel.  Spaced  evenly 
around  the  perimeter  of  the  part  are  six  or 
eight  (or  as  required)  hydraulic  jacks,  posi¬ 
tioned  vertically.  These  jacks  rest  upon  the 
base  structure  of  the  jig  and,  when  extended, 
bear  against  the  bottom  of  a  heavy  steel  band 
that  encircles  the  mandrel.  Clearance  between 
this  band  and  the  mandrel  is  sufficient  to  pre¬ 
vent  the  two  pieces  from  coming  into  contact, 
thereby  avoiding  damage  to  the  mandrel.  On 
the  top  edge  of  this  band  is  a  sectional  ring, 
the  inner  edge  of  which  is  contoured  to  cor¬ 
respond  to  the  mandrel  surface.  This  ring  is 
bolted  to  the  band  through  slotted  holes  so  that 
it  can  be  adjusted  to  the  mandrel  surface. 
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To  remove  the  part,  pressure  is  applied  to 
trie  jacKs  through  a  ulati  iuutiuu  system,  allow- 
ing  equal  pressure  to  be  exerted  by  all  jacks. 
The  sectional  ring  is  moved  up  to  contact  the 
edge  of  the  radome.  Sufficient  pressure  is  ap¬ 
plied  to  break  the  radome  loose  from  the  man¬ 
drel.  The  amount  of  pressure  required  varies 
according  to  radome  size,  configuration,  part¬ 
ing  agent,  and  condition  of  mandrel  surface. 
As  a  general  rule,  a  radome  such  as  the  F4B 
requires  hydraulic  pressure  in  the  range  of 
40,000  lb.  On  more  difficult  parts,  this  pressure 
could  be  considerably  higher.  After  the  radome 
is  loosened  from  the  mandrel,  it  is  lifted  by 
means  of  a  harness.  The  inside  is  inspected  for 
damage  at  this  time. 


Some  of  the  difficulties  encountered  during 
pari  removal  cuulu  he  cauneu  by  the  buifnCO  fin¬ 
ish  of  the  mandrel.  Most  steel  mandrels  need  a 
surface  finish  of  32  micro-in.  or  better  to  pro¬ 
vide  an  efficient  removal  operation.  The  surface 
is  treated  with  a  silicone  compound  and  baked 
on  at  450°F  to  500°F.  This  finish  is  good  for 
approximately  10  radomes  before  the  surface 
must  be  retreated.  In  addition  to  the  silicone, 
a  release  agent  is  applied  for  every  part  fab¬ 
ricated,  This  release  agent  must  be  compatible 
with  the  resin  system  used.  It  also  must  be  able 
to  withstand  the  cure  temperatures  encountered 
without  breaking  down  or  dispersing  into  the 
resin  system. 
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APPENDIX  4A 

PROPERTIES  OF  SELECTED  RESINS* 


A.  Vibrin  135-136A :  Naugatuck  Chemical  Co. 

1.  Casting:  Vibrin  135 
Specific  gravity :  1,34 
Dielectric  constant : 

9.375  gc  (100%  RC) :  2.896 
16.5  gc  (100%  RC)  :  2.874 

Loss  tangent : 

9.376  gc :  0.0124 
16.6 gc:  0.0118 

2.  Laminate :  Vibrin  136  (Bomarc  panel) 

Specific  gravity : - 

Dielectric  constant : 

9.375  gc  (18%  RC)  :  4.93 

9.375  gc  (17%  RC)  :  4.99 
9.375 gc  (19%  RC)  :  4.71 

Loss  tangent : 

9.376  gc  (18%  RC)  :  0.0119 
Reinforcement:  Corning  E- Glass  181 

Note :  See  Fig.  4-A1  for  dielectric  constant 
and  resin  content  vs.  temperature. 

3.  Casting :  Vibrin  186-A 
Specific  gravity :  1.36 
Dielectric  constant : 

9.375gc  (100%  RC) :  2.88 
Loss  tangent : 

9.375  gc :  0.0110 

4.  Laminate :  Vibrin  136-A 
Specific  gravity :  1.68 
Dielectric  constant : 

9.375  gc— R.T.  4.07 

100°F:  4.08 
240 °Ft  4.16 
300°F :  4.16 
390°F :  4.17 
620°F :  4.16 
686°F :  4.17 
690°F :  4.21 
700°F:  4.16 
Loss  tangent : 

9.375  gc:  0.0065 

Reinforcement :  Corning  E-Glass  181 
Resin  content :  35,5% 


*  Prom  D.  P.  Parka,  Brunswick  Defense  Division 
Internal  Report  No,  BR-122-040,  May  1963. 


B.  VC-8359  epoxy  resin :  Brunswick  Corp. 

1.  Casting :  VC-8359  epoxy 
Specific  gravity :  1.34 
Dielectric  constant : 

9.375 gc  (100%  RC)  :2.99 
Loss  tangent: 

9.375  gc :  0.0220 

2.  Laminate:  VC-8359  epoxy  A 

Specific  gravity :  1,85  \ 

Dielectric  constant : 

9.375  gc  (33.0%  RC) :  4.41 

16.6  gc  (33,0%.  RC) :  3.92 
Loss  tangent : 

9.375  gc  (33.0%  RC) :  0.0170 

16.5  gc  (33.0%  RC) :  0.0314 
Reinforcement :  LNGlass  181 
Resin  content :  33.0%) 

Note :  See  Fig.  4-A2  for  both  measured  and 
calculated  values  of  VC-8369  epoxy 
in  dielectric  constant  vs.  percent  resin 
by  volume. 

C.  JC-1671 :  Brunswick  Corp. 

1.  Hydrocarbon  resin : 

Casting:  JC-1671  hydrocarbon 
Specific  gravity :  1.08 
Dielectric  constant : 

9.375  gc  (100%  RC)  :2.46 
Loss  tangent : 

9.375  gc:  0.007 

Laminate:  JC-5171  hydrocarbon 

Specific  gravity : - 

Dielectric  constant : 

9.375  gc :  4.083 
Loss  tangent : 

9.376 gc:  0.002 
Reinforcement:  E-Glass  181 
Resin  content :  28% 

Laminate :  JC-1671  hydrocarbon 

Specific  gravity : - 

Dielectric  constant : 

lOcps:  8.62 
Loss  tangent : 

lOcps: - - 

Reinforcement :  E-Glass  181 
Resin  content :  28% 


315 


2.  Polybutadiene — Butarez  16 :  Phillips 
Petroleum  Co. 

Casting 

Specific  gravity :  0.992 
Dielectric  constant : 

1  me :  2.42 
Loss  tangent : 
lmc:  <0.0006 
D.  Polyesters 

1.  Laminae  4110  general  polyester: 
Cyanamid  Co. 

Benzoyl  peroxide 
Specific  gravity :  1.12 
Dielectric  constant : 

9.376  gc:  2.86 
Loss  tangent : 

9.376  gc:  0.014 
State :  Casting 

2.  Paraplex  P-43  general  polyester:  Rohm 
and  HaaB  Co. 

Specific  gravity :  1.23 
Dielectric  constant : 

9.376 gc:  2.89 
Lobs  tangent : 

9.376 gc:  0.019 
State:  Casting 

3.  Solectron  5016 :  Pittsburgh  Plate 
Glass  Co. 

Specific  gravity :  1.18 
Dielectric  constant : 

1  me :  3.16 
Loss  tangent : 

1  me :  0.06 
State :  Casting 

4.  Hetron  92 :  Hooker  Chemical  and 
Plastic  Corp. 

Specific  gravity :  1.28 
Dielectric  constant : 

1  me  (100%  RC) :  4.62 
Loss  tangent: 

1  me :  0.034 

Reinforcement :  Kraft  paper  base 

5.  Stypols :  Freeman  Chemical  Corp. 

Stypol  25 

Specific  gravity :  1.288 
Dielectric  constant : 

lmc  (100%  RC) : 3.19 
Loss  tangent : 

1  me :  0.024 
State :  Casting 
Stypol  6B 


Specific  gravity :  1.268 


Loss  tangent : 

9.376 gc:  0.0108 
State :  Casting 
Stypol  705 

Specific  gravity :  1.182 
Dielectric  constant : 

9.376  gc:  2.86 
Loss  tangent : 

9.376 gc:  0.020 
State :  Casting 
Stypol  705 

Specific  gravity :  1.746 
Dielectric  constant : 

9.376  gc:  4.37 
Loss  tangent : 

9.375  gc:  0.016 
Resin  content :  34.7  % 

State :  Laminate 

Reinforcement :  Fiberglass-181-136 
fabric 

Stypol  50-2025 
Specific  gravity :  1.288 
Dielectric  constant : 

1  me :  3.19 
Loss  tangent : 

lmc:  0.024 
State :  Casting 

6.  Polylite  ED-386 — rigid  polyester : 
Reichhold  Chemical  Co. 

Specific  gravity :  1.22 
Dielectric  constant : 

lmc:  3.24 
Loss  tangent : 

1  me :  0.068 
State :  Casting 

7.  AR-1075 — HT  polyester:  General  Elec¬ 
tric  Co. 

Specific  gravity :  1.27 
Dielectric  constant : 

8500  to  10,000  me :  3.0 
Loss  tangent : 

8500  to  10,000  me:  0.020 
E.  Epoxies 

1.  Casting :  Epon  826  and  828 :  Shell 
Chemical  Co. 

Epon  826 

Specific  gravity :  1.164 
Dielectric  constant : 

16.6  gc :  2.844 
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Lobs  tangent : 

16.6  gc:  0.0188 
State :  Casting 

Curing  agent:  6  PHR  BF;i400 
Epon  828 

Specific  gravity :  1.168 
Dielectric  constant: 

9.0  gc:  8.0 
Loss  tangent : 

9.0  gc  0.016 
State :  Casting 
Curing  agent:  10.6  PHR  “D" 

Epon  828 

Specific  gravity :  1.22 
Dielectric  constant : 

9.375  gc :  2.81 
Loss  tangent ; 

9.376  gc :  0.029 
State:  Casting 

Curing  agent :  90  PHR  MNA 
1  PHR  BMDA 

Epon  828 

Specific  gravity :  1.18 
Dielectric  constant : 

9.376  gc ;  2.83 
Loss  tangent : 

9.376 gc:  0.041 
State :  Casting 

Curing  agent:  USB-91  (17  PHR) 

Epon  828 

Specific  gravity :  1.28. 

Dielectric  constant : 

9.876 gc:  2.97 
Loss  tangent : 

9.376  gc:  0.040 
State :  Casting 

Curing  agent:  USB-6  (16  PHR) 

2.  Epon  828  laminates:  Filament-Wound 
and  Fabric :  Shell  Chemical  Co. 

Epon  828 

Specific,  gravity : - 

Dielectric  constant : 

1  me :  5.22 
Loss  tangent : 

1  me :  0.0202 
Resin  content:  30% 

State :  Wet  lay-up  panel 
Reinforcement :  Corning  E-Glass-181 
Epon  828 

Specific  gravity : - 


Dielectric  constant : 

9.375 gc:  3.55 

Luna  uuigtuiL . 

9,375 gc:  0.013 
Resin  content:  327c 
State :  Laminate  (wet  lay-up) 
Reinforcement:  Corning  E-Glass-181 

3.  Araldites :  Ciba  Products  Corp. 

Araldite  DP-410 

Specific  gravity : - 

Dielectric  constant : 

10"  cps:  3.60 
Loss  tangent : 

1011  cps :  0.0250 
State :  Casting 

Curing  agent:  “Hardener  951" 

Araldite  DP-412 

Specific  gravity : - 

Dielectric  constant : 

10n  cps:  3.32 
Loss  tangent : 

10"  cps:  0.0135 
State :  Casting 

Curing  agent :  MDA  methylene 

4.  DER-DEN  epoxy  resins :  Dow  Chemical 
Co. 

DER-891 

Specific  gravity :.  1.17 
Dielectric  constant : 

1  me :  3.35 
Lobs  tangent : 

1  me:  0.032 
State :  Casting 

Curing  agent:  MDA  (methylene 
dianiline) 

DEN-488 

Specific  gravity :  1.22 
Dielectric  constant : 

1  me:  3.39 
Loss  tangent : 

1  me :  0.024 
State :  Casting 

Curing  agent:  MDA  (methylene 
dianiline) 

5.  Bakelite :  Union  Carbide  Co. 

ERL-2795 

Specific  gravity  :  1.14 
Dielectric  constant : 

10  me  at  R.T. :  8.68 
10  me  at  176°F :  4.60 
10mcat212°F:  6.22 
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Ix)ss  tangent : 

10  me  at  R.T. :  0.0373 
10  me  at  176°F :  0.0670 
10  me  at  212°F :  0.0830 
ERL-2774 

Specific  gravity ;  1.17 
Dielectric  constant : 

10  me  at  R.T. :  3.42 
10  me  at  176°F :  8.37 
10mcat212°F:3.41 
Loss  tangent : 

10  me  at  R.T. :  0.0212 
10  me  at  176°F:  0.0185 
10  me  at  212°F :  0.0180 
ERLS79Jt 

Specific  gravity :  1.21 
Dielectric  constant : 

10  me  at  R.T. :  3.70 
10  me  at  176°F:  3.86 
10mcat212sF:  4.49 
Loss  tangent : 

10  me  at  R.T. :  0.088 
10  me  at  176°F :  0.046 
10  me  at  212°F :  0.044 

F.  Phenolic  resins 

1.  91-LD :  American  Reinforced  Plastics 
Specific  gravity :  1.9 

Dielectric  constant : 

X-Band  at  77°F :  4.14 
X-Band  at  392°F :  4.40 
X-Band  at  437°F:  4.64 
Loss  tangent: 

X-Band  at  77  °F:  0.026 
X-Band  at  892°F :  0.042 
X-Band  at  487  °F:  0.042 
State :  Laminate 
Resin  content :  26  to  86  % 

Reinfo  aent:  E-Glaas-181  Fabric 

2.  Ply  op  Ho,  >f  23-017:  Rcichhold  Chemical 
Co. 

Specific  gravity :  1.06  to  1.07 
Dielectric  constant : 

10  me :  6.00 
Loss  tangent : 

10  me: - 

State :  Laminate 
Resin  content :  26  to  86% 

Reinforcement :  181  style  glass 

G.  Polyamide  Resins  (Nylon) 

1.  Zytol  101 :  DuPont  Co. 

Specific  gravity :  1.14 


Dielectric  constant : 

1  me:  3.6 
Loss  tangent : 

1  me:  0.04 

State:  Casting  (thermoplastic) 

2.  BC1  No.  6601-F :  Belding  Corticelli  Ind. 
Specific  gravity :  1.32 
Dielectric  constant : 

1  me:  3.4 

Loss  tangent: - 

State:  Casting  (thermoplastic) 

H.  Fluorocarbon  Resin 

1.  KEL-F81 :  3M  Co. 

Specific  gravity :  2,124 
Dielectric  constant : 

10®  cps  at  77 °F:  2.40 
10®  cps  at  892°F :  2.62 
Loss  tangent: 

10®  cps  at  77°F:  0.0143 
10®  cps  at  392°F:  0.0036 

2.  “Teflon"  FEP  fluorocarbon :  DuPont  Co. 
Specific  gravity :  2.16 

Dielectric  constant : 

10®  cps:  2.10 
Loss  tangent ; 

10" cps:  0.0004 
State :  Molded  specimen 

3.  “Teflon”  TFE  fluorocarbon :  DuPont  Co. 
Specific  gravity ;  2.1  to  2.3 

Dielectric  constant : 

10"  cps:  2.0 
Loss  tangent : 

10“ cps:  <0.0005 
State :  Molded  specimen 

I.  Acrylic  Resins 

1.  Nypol  46-4001 
Specific  gravity :  1.226 
Dielectric  constant : 

1  me:  3.61 
Loss  tangent : 

1  me:  0.024 
State :  Casting 

2.  Nypol  46-4020 
Specific  gravity :  1.190 
Dielectric  constant : 

1  me :  2.83 
Loss  tangent: 

1  me :  0.023 
State :  Casting 

J.  Silicones 

1.  DC-2106  resin :  Dow  Corning.  The  fol¬ 
lowing  was  supplied  by  North  American 
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on  pure  DC-2106  easting  supplied  by 
Dow  Corning. 

O - Hi.  . . Ji..  .  i  r»/» 

ojjclur,  .  x.^u 

Dielectric  constant : 

9.376  gc  at  80“F :  2.86 

9.376  gc  at  200‘'F :  2.77 

9.376  gc  at  320°F :  2.71 

9.376  gc  at  440"F :  2.62 

9.376  gcat  669°F:2.66 
Loss  tangent : 

9.376  gc  at  80°F  to  660°F :  0.006 

2.  R-7146  resin :  Dow  Corning 
Specific  gravity :  1.18 
Dielectric  constant : 

1  me :  2.90 
Loss  tangent : 

1  me:  0.001 
State :  Casting 

3.  DC-2106  resin:  X-556  F.  W.  with  15% 
R-7146 

Specific  gravity :  1.75 
Dielectric  constant : 

9.376  gc:  3.42 
State :  Laminate 
Resin  content :  25.9% 

4.  DC-2106  resin:  X-666  fabric  with  16% 
R-7146 

Specific  gravity:  1.78 
Dielectric  constant : 

9.876  gc:  3.68 
Resin  content :  23.8% 

State  ^Laminate 

6.  DC-2106  resin :  E-Glass  fabric  with  15% 
R-7145 

Specific  gravity :  1.78 
Dielectric  constant : 

9.376  gc:  4.20 
Resin  content :  3617  % 

State :  Laminate 

6.  DC-2106  resin:  quartz  fabric  with  15% 
R-7145 

Specific  gravity :  1.5  to  1.6 
Dielectric  constant : 


9.376  gc  at  77°F:  3.16 

9.376  gcat  500°F:3.36 

n  urre  .>4  Tn/io  v  .  o  .ok 

VlO  I  V  ^ C  Mb  4  VV  *  I  V*  lUO 

9.376 gcat 900°F:  3.10 
Loss  tangent: 

9.376  gc  at  77JF  to  900*’F:  0.0032  to 
0.0033 

Resin  content:  32.38 % 

State :  Laminate 
K.  Phenyl  silane  resins 

1.  37-9X :  Cincinnati  Testing  Lab. 

Specific  gruvity : - 

Dielectric  constant : 

9.376  gc:  2.37 
Loss  tangent : 

9.375  gc :  0.003 
State :  CasLing 

2.  37-9X :  181-Volan  A  glass  fabric 
Specific  gravity :  1.80  to  1.95 
Dielectric  constant : 

10"’  cps  at  77°F :  6.20 
10'"  cps  at  300°F  i  5.20 
10'"  cps  at  6O0°F:  6.10 
Loss  tangent: 

10"' cps  at  77°F:  0.023 
10"1  cps  at  300°F:  0.033 
10"1  cps  at  600“F:  0.031 
State:  Laminate 

3.  SC-1013 :  Monsanto  Chemical  Corp. 
Specific  gravity :  1.664 
Dielectric  conetunt: 

9.375  gc:  3.226 
Loss  tangent : 

9.876  gc :  0.022 
State:  Laminate  (fabric) 

Reinforcement :  Sil-tomp  fabric 
Resin  content:  24.48% 

4.  SC-1013 

Specific  gravity : - 

Dielectric  constant : 

9.376  gc :  3.261 
Loss  tangent : 

9.376  gc :  0.046 

State:  Casting  (100%  solids) 
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APPENDIX  4B 

DIELECTRIC  PROPERTIES  OF  SELECTED  RESINS, 
GLASSES,  AND  LAMINATES 


The  data  shown  in  Fig*.  4  1)1  through  4-B17  were  ob¬ 
tained  from  A.  B.  Raney,  An  Introduction  to  Radon,, 
tCleotrical  Dotign,  1964  Edition,  Brunswick  Defense 
Report  No,  BR-124-001,  Revision  A,  March  B,  1B04. 


Figure  4-8  J.  Vlbrln  135  Retin — Dielectric  Conttant  and  Lott  Tangent  vt  Frequency 
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Figure  4-82.  Ep on  828-CL  Retin— Dielectric  Comlonf  v«  Temperature  for 
Varlout  Frequenclet 


322 


LOSS  TANGENT,  TAN  8 


RELATIVE  DIELECTRIC  CONSTANT,  6' 


TEMPERATURE  PC) 

Figure  4-83.  Bp on  828-CL  Retln — lo»*  Tangent  vi  Temperature  ter 
Varlout  Frequenclet 
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Figure  4-84.  Teflon — Dielectric  Conttanl  and  Lott  Tangent  vt  Temperature 
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Figure  4-B5.  E-Glass — Dielectric  Constant  vs  Temperature  for 
Various  Frequencies 
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Figure  4-B7.  S994  Clatt — Dielectric  Constant  vs  Temperature  for 
Various  Frequencies 
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Figure  4-B6.  59 94  Glass— Lost  Tangent  vs  Temperature  for  Various  Frequencies 
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Figure  4*0  72.  1498  G/ats — L ois  Tangent  v*  Temperature  for  Various  Frequendet 
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RESIN  CONTENT (PERCENT) 

Figure  4  !)  13.  Vibrln  Lamlnatei  of  E-Qla* i  and  H- Gluts — Dielectric  Comtant  vt 
Eotln  Content  tor  Various  Void  Percentage* 
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RESIN  CONTENT  (PERCENT) 

Figure  4-B14.  Vlbrln  Laminate*  of  0556  Ola**  and  5994  Oiat* — Dielectric 
Condanl »».  Reiin  Content  for  Varlou*  Void  Percentage* 
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Figure  4-815.  Vlbrln  135  (Polyederl  Laminate — Dielectric  Con*tanf  v* 

Temperature 
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Figure  4 -8)8.  Epon  828-BF,  4 00  Ruin  Catling  and  Laminate — Dielectric  Constant 
and  toss  Tangent  vi  Frsqusncy 


Figure  4-8  J  7,  Polybenilmldaxole  Laminate  (FBI) — Dielectric  Constant  and 
Lott  Tangenl  vs  Temperaturo 
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SYMBOLS 


Ba  A  function  defined  for  convenience  in  X0 

expressing  the  equations  for  the  tan  8 
measured  in  a  resonant  cavity  X1 

Cp  Specific  heat  Y* 

D  Cavity  diameter,  cm  a 

Ei  Direct  signal  voltage  b* 

E3  Reflected  signal  voltage 

I  Current 

Thermal  conductivity  b'/b 

Micrometer  reading  for  TE„u  resonant 
cavity,  empty  c 


Mg  Micrometer  reading  for  TEUIQ  resonant 
cavity,  empty 

Ma  Micrometer  reading  for  TEuia  resonant  d 
cavity  with  sample 


N  An  integer  f 

Qw  A  function  of  wall  losses  in  TMoio  cavity  h 

R  Voltage  reflection  coefficient;  numerical  k 

ratio  of  maximum  to  minimum  field 
strengths 

R'  Reflection  phase  k* 

Rii  Voltage  reflection  coefficient  with  metal-  k' 

backed  sample  k" 

Ry'  Reflection  phase  with  metal-backed  i 

sample 

R„  Voltage  reflection  coefficient  for  infinite¬ 
ly  thick  Bample  V 

R»'  Reflection  phase  for  infinitely  backed 

sample 

Si/a  A  constant  that  is  dependent  on  experi-  ^ 

mental  conditions  and  sample  charac-  n 

teristics  P 

T  Voltage  transmission  coefficient 

T'  Transmission  phase  4 

Ti  Inner  temperature  of  dielectric  struc-  r 

ture,  °C 

Tj  Outer  temperaiure  of  dielectric  struc¬ 

ture,  °C 

V  Voltage  rj 
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Distance  of  first  minimum  from  sample 
face 

Magnitude  of  oif-peak  direct-ray  vector 
Magnitude  of  reflected-ray  vector 
Effective  cavity  radius 
A  function  defined  for  convenience  in 
expressing  the  equations  for  the  tan  8 
measured  in  a  resonant  cavity 
Ratio  of  sample  height  to  waveguide  in¬ 
side  dimension  (narrow  dimension) 

A  function  defined  for  convenience  in 
expressing  the  equations  for  the  tan  8 
measured  in  a  resonant  cavity 
Length  or  physical  thickness  of  dielec¬ 
tric  sample 
Frequency 

Height  of  TM010  cavity 
A  function  of  the  effective  cavity  radius, 
a;  the  calculated  dielectric  constant,  un¬ 
corrected  for  sample  fit 
Complex  dielectric  constant,  relative 
Relative  dielectric  Constant 
Relative  dielectric  loss  factor 
Distance  from  node  to  the  open  end  of 
coaxial  line;  effective  sample  length  or 
thickness 

A  function  defined  for  convenience  in 
expressing  the  equations  for  the  tan  8 
measured  in  a  resonant  cavity 
Length  of  empty  cavity  at  resonance 
Index  of  refraction  = 

Parameter  used  in  shorted  waveguide 
calculations 

Heat  input;  parameter  used  in  shorted 
waveguide  calculations 
Interface  voltage  reflection  coefficient; 
radius  of  sample  to  measuring  point  in 
sample 


cos  0  — 


-  sin- 6 


cos  0  -f  V€*  —  sin4  ® 


SYMBOLS  (Cont'd.) 


<*  COB  0  —  \/f*~ 

r‘  «*cos0-  v^^sln3? 

s  Resistivity  of  cavity  metal  relative  to 

copper 

tan  d  Loss  tangent 

tan  8  Dielectric  loss  factor  =  V'/k' 

tl/a  Time  for  back  sample  surface  to  cool 

from  one-half  the  maximum  tempera¬ 
ture  excursion 
a  Thermal  diffusivity 

a.  Atomic  polarizability 

oti  Dipole  orientation  polarizability 

a.  Electronic  polarizability 

a„  Polarizability 

a.  Interfacial  or  space  charge  polariza¬ 

bility 

fit  Phase  constant  of  empty  cavity 

fi.  Phase  constant  in  the  sample  in  the 

cavity 

fit  Phase  ‘  constant  in  the  sample  in  the 

waveguide 

A  Distance  the  interferometer  horn  is 

moved  from  a  minimum  without  sam¬ 
ple  to  a  minimum  with  sample 
Af  Change  of  frequency 


AM  Width  of  resonance  curve  at  the  3-db 
point 

AX  Node  width  at  the  10-db  point  without 
sample 

AX'  Node  width  at  the  10-db  point  with 
sample 

AXt  Node  width  at  the  3-db  point  without 
sample 

AXa  Node  width  at  the  3-db  point  with  sam¬ 
ple 

e  Real  part  of  complex  dielectric  constant 
t *  Complex  relutive  dielectric  constant 

=  e  —  j«  tan  d 
P  Dielectric  constant 

«"  Dielectric  loss  factor 

0  Angle  of  incidonce 

X  Wavelength 

kt  Cutoff  wavelength  of  waveguide 

X,  Wavelength  in  waveguide 

X«  Wavelength  in  air  or  free  space 

p  Voltage  standing  wave  ratio ;  density 

4>  Electric  thickness  in  radians  —  (2wd/X) 
\/e*  —  Bin-  0 ;  aspect  angle 
<Pa  (2wd/X)  cos  0 

>p  Phase  shift  due  to  sample 
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CHAPTER  5 


RADOME  EVALUATION  AND  CORRECTION  TECHNIQUES 


PART  I — MICROWAVE  DIELEC.  RIC  INSTRUMENTATION 


5-1  INTRODUCTION 

A  radome  is  a  shaped  wall  of  dielectric  ma¬ 
terial  that  is  designed  to  transmit  electromag¬ 
netic  radiation  with  minimum  disturbance  of 
the  radiated  pattern.  To  date,  all  the  dielectric 
materials  used  in  radomes  are  nonmagnetic; 
that  is,  their  magnetic  permeubility  is  unity 
and  their  magnetic  loss  tangent  is  zero.  Thus, 
the  electrical  properties  of  concern  are  the 
dielectric  constant  and  the  dielectric  loss  tan¬ 
gent. 

If  the  dielectric  constant  and  the  loss  tan¬ 
gent  of  the  radome  material  are  known  and  if 
the  physical  dimensions  of  a  proposed  radome 
design  are  fixed,  modern  computation  tech¬ 
niques  permit  accurate  prediction  of  the  elec¬ 
trical  performance  of  the  radome,  including 
insertion  loss,  effect  on  antenna  pattern,  and 
directional  error. 

Often,  in  either  the  development  of  a  new 
radome  design  or  quality  control  in  production 
of  radomes  with  established  design,  the  meas¬ 
ured  performance  of  the  radome  does  not  agree 
with  theoretical  predictions.  In  the  development 
of  new  radome  designs,  it  is  possible  that  the 
discrepancy  is  caused  by  a  theoretical  model 
that  is  not  a  sufficiently  accurate  approximation 
of  the  physical  system,  din  the  other  hand,  as 
modeling  and  computing  techniques  improve, 
this  will  be  less  likely.  Latest  prediction  tech¬ 
niques,  discussed  in  Chapter  2,  are  probably  as 
accurate  as  is  consistent  with  the  state  of  the 
art  of  experimental  verification  techniques, 
which  are  covered  in  this  chapter. 

In  the  manufacture  of  production  radomes, 
it  is  common  practice  to  simply  make  copies  of 
successful  prototypes.  If  one  of  these  produc¬ 
tion  units  fails  to  meet  electrical  performance 
requirements,  the  failure  must  be  caused  by 


failure  to  copy  correctly,  which,  in  turn,  is  often 
caus'd  by  failure  to  measure  completely  and 
correctly. 

Table  5-1  is  a  check  list  of  possible  reasons 
for  unsatisfactory  electrical  performance  of  a 
production  radome.  It  is  intended  for  use  in 
an  electrical  performance  failure  analysis  prob¬ 
lem  of  a  radome  production  line,  for  example. 
With  this  check  list  and  a  complete  radome 
electrical  measurement  facility,  diagnosis  be¬ 
comes  fairly  straightforward.  The  check  list 
also  forms  a  busis  for  later  discussion  of  meas¬ 
urement  techniques.  Table  5-1  contains  the 
possible  questions  to  ask  when  analyzing  elec¬ 
trical  differences  between  radome  prototype  and 
copy.  These  questions  can  also  be  asked  when 
analyzing  electrical  differences  between  actual 
performance  of  u  radome  and  the  theoretically 
predicted  performance. 

5-2  DIELECTRIC  INSTRUMENTATION 
TERMINOLOGY 

By  way  of  introduction,  the  following  para¬ 
graphs  on  the  terminology  of  microwave  dielec¬ 
tric  instrumentation  are  in  order.  It  is  interest¬ 
ing  to  note  that  the  low-frequency  instrument 
for  dielectric  property  determination  has  never 
been  referred  to  as  a  dielectrometer.  These  In¬ 
struments,  referred  to  as  bridges,  do  not  meas¬ 
ure  dielectric  constant;  instead,  they  measure 
capacitance  and  are  often  very  properly  re¬ 
ferred  to  as  capacitance  bridges, 

5-2.1  THE  DlfeLECTROMETER 

Unfortunately,  a  short-circuited  waveguide 
with  a  slotted  section  and  provisions  for  sam¬ 
ple  insertion  is  known  in  the  microwave  field 
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TABU  5-1  RADOMb  DIELTCTHIC  CHECK  LIST 


[ - 

- rrm - 

npfmtUWHl  1  •  | 

Gentian 

Dkk* 

tr«m«9tr 

Itttffirfer* 

Rtftffit- 

toiMhr 

RfttffiftCHtf 

Fn^uMcy 

1.  Dues  the  sample  fit.  well  into  the  waveguide  or  cavity? 

X 

X 

2.  Was  the  sample  fit  in  the  waveguide  or  cavity  corrected? 

X 

X 

3.  If  measurements  were  made  over  a  temperature  range, 
was  the  differential  expansion  between  the  sample  and 
waveguide  or  cavity  accounted  for  in  the  sample  fit 
correction? 

X 

X 

4.  If  measurements  were  made  over  a  temperature  range, 
was  the  change  in  thickness  of  the  sample  with  tem¬ 
perature  taken  into  account? 

X 

X 

X 

X 

5,  At  extreme  temperatures,  did  any  metal  or  other  con¬ 
taminants  from  the  waveguide  or  surroundings  mi¬ 
grate  into  the  sample? 

X 

X 

X 

6.  Ib  the  radome  material  homogeneous? 

X 

X 

X 

7.  If  the  radome  material  is  not  homogeneous,  are  thi 
measured  values  good,  average,  representative  numbers? 

X 

X 

X 

X 

8.  Is  the  radome  material  isotropic? 

X 

X 

X 

X 

0.  If  the  radome  material  is  not  isotropic,  was  the  direc¬ 
tion  of  the  electric  fleid  during  the  measurement  of  the 
prototype  and  copy  taken  into  account? 

X 

X 

X 

X 

10.  Does  the  sample  have  skins,  glaze,  or  is  it  a  sandwich 
in  any  sense? 

X 

X 

X 

X 

11,  If  it  does  have  skins  or  resembles  a  sandwich,  has  this 
been  taken  into  account? 

X 

X 

X 

X 

12.  Have  the  variations  due  to  the  electrical  effeeta  of 
obstacles  in  the  radome  been  accounted  for,  including 
metal  tips,  cables,  attachments,  metal  supporting  frame¬ 
works,  etc.? 

X 

X 

X 

X 

13.  Is  the  radome  material  impervious  to  moisture  absorp¬ 
tion? 

X 

X 

X 

X 

14.  If  the  material  is  not  impervious  to  moisture  absorption, 
is  the  moist|ure  content  ill  the  radome  copy  as  measured 
the  same  as  in  the  prototype? 

X 

X 

X 

X 

15.  Is  the  dielectric  measuring  instrument  sufficiently  accu¬ 
rate  to  produce  the  deaired  copy  accuracy? 

X 

X 

X 

\x 

16.  Haa  the  copy  of  the  radome  been  compared  as  to  its 
dielectric  properties  with  the  prototype  aver  its  entire 
surface? 

X 

X 

X 

X 

17.  Was  the  copy  of  the  radome  compared  as  to  its  dielec¬ 
tric  properties  with  the  prototype  at  the  operating 
frequency  of  the  radome,  thus  eliminating  dielectric 
disperaion  as  a  variable? 

X 

X 

X 

X 
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as  a  dielectrometer.  The  term  is  misleading 
because  this  so-called  dielectrometer  does  not 
measure  dielectric  constant  and  loss  tangent; 
rather,  it  measures  null  shut  and  null  width 
on  a  standing  wave  as  produced  by  the  sample 
insertion.  From  these  measured  values,  the  di 
electric  constant  and  loss  tangent  are  computed. 
Other,  more  appropriate  names  for  this  device 
are  shorted  slotted  line,  impedance  meter,  and 
reflectometer.  A  resonant  cavity  is  also  referred 
to  as  a  dielectrometer. 

5-2.2  THE  INTERFEROMETER 

Interferometer  is  the  common  term  for  micro- 
wave  bridges  that  are  designed  to  read  inser 
tion  loss  and  insertion  phase  delay  for  a  sample 
through  which  the  microwave  energy  is  made 
to  pass.  The  sample  itself  can  be  either  in  a 
waveguide  or  in  free  space  between  two  horns. 
Again,  the  term  is  misleading  because  interfer¬ 
ometer  implies  phase  interference  between  two 
waves,  and  all  microwave  instruments  used  for 
dielectric  constant  and  loss  tangent  measure¬ 
ment  use  phase  interference. 

5-2.3  THE  REFLECTOMETER 

Reflectometer  is  the  common  term  for  a 
device  that  measures  reflection  loss  and/or  re¬ 
flection  phase  from  a  flat  sample.  The  flat 
sample  could  be  enclosed  in  a  waveguide  or  it 
could  be  a  flat  sheet  in  free  space.  Of  the  three 
expressions,  its  interpretation  is  subject  to  the 
least  confusion. 

In  the  following  paragraphs,  a  new  term, 
inspection  zone,  is  introduced.  With  reference 
to  various  techniques  of  measuring  dielectric 
constant  and  loss  tangent,  the  inspection  zone 
is  the  volume  of  material  that  is  exposed  to  the 
major  portion  (at  least  two-thirds)  of  the 
microwave  energy  taken  into  account  in  the 
measurement. 

The  resonant  frequency  techniques  in  this 
discussion  include  both  the  closed-cavity  tech¬ 
nique  and  free-space  resonant-wall  technique. 

5-3  INTERFEROMETER,  REFLECTOMETER, 

AND  ULTRASONIC  TECHNIQUES  FOR 
QUALITY  CONTROL  OF  RADOMES 

Microwave  interferometers  and  reflectom- 


'iters  can  be  used  in  radome  and  dielectric 
sheet  measurements  to  measure  the  following 
deDendent  parameters: 

1.  Insertion  loss 

2.  Insertion  phase 

3.  Reflection  loss 

4.  Reflection  phase 

5.  Reflection  loss  with  metal-backed  sample 

6.  Reflection  phase  with  metal-backed  sample 

7.  Frequency  at  which  reflection  loss  peaks 

8.  Frequency  at  which  transmission  loss  is 
at  a  minimum 

In  addition,  it  is  possible  to  set  the  operating 
frequency  of  a  reflectometer  or  interferometer 
at  the  the  broad  minimum  of  the  reflection  loss 
vs.  frequency  curve  or  at  the  correspondingly 
broad  maximum  of  the  transmission  loss  vs. 
frequency  curve  (the  antiresonance  case  or 
quarter-wave  case),  respectively.  At  this  fre¬ 
quency,  measurements  of  insertion  loss,  inser¬ 
tion  phase,  reflection  loss,  and  reflection  phase 
can  be  made  with  some  resulting  simplification 
in  data  reduction. 

Considering  that  these  measurements  can  be 
made  with  a  choice  of  incidence  angle  and 
polarization,  the  versatility  and  potential  of 
free-space  interferometer  and  reflectometer 
techniques  is  tremendous  and  is  deserving  of 
further  exploration.  It  is  possible,  with  correct 
interpretation,  to  use  microwave  energy  to 
diagnose  ft  radome  wall  not  only  as  to  its  elec¬ 
trical  thickness  but  also  as  to  the  electrical 
thickness  of  its  components  (if  it  is  a  sandwich) 
and  presence  of  voids,  moisture,  or  other  con¬ 
taminants.  This  is  best  illustrated  by  consider¬ 
ing  a  typical  application.  For  the  sake  of  simplic¬ 
ity  and  aptness,  the  simple  solid  wall  is  chosen. 
Corresponding  theory  can  be  developed  for 
sandwiches  and  other  structures,  but  would  be 
more  complex. 

The  three  basic  physical  properties  of  a  solid 
radome  wail  on  which  the  parameters  listed 
above  depend  are  dielectric  constant,  loss  tan¬ 
gent,  and  thickness.  Usually,  thickness  can  be 
best  measured  directly.  Assuming  that  this  is 
the  case,  it  can  be  argued  mathematically  that 
it  should  be  sufficient  to  measure  any  combina¬ 
tion  of  two  of  the  dependent  parameters  listed 
above  to  determine  the  d’electric  constant  and 
the  loss  tangent. 

The  formulas  that  characterize  transmission 
through,  and  reflection  from,  a  flat  dielectric 
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sheet  illuminated  by  a  plane  electromagnetic 
wave  are 


(1- 

r-)e~JI*  ~  e*1 

(5-1) 

1C'  r= 

I 

1 

IJ 

1 

* 

ReJ"'  = 

r(l  - 
1  - 

r-e-J-* 

(5-2) 

where  R  =  voltage  reflection  coefficient 
R'  =  reflection  phase 
T  =  voltage  transmission  coefficient 
T  —  transmission  phase 
r  =  interface  voltage  reflection  coeffi¬ 
cient 

<t>  =  (2-rrd/A.)  sin-  8 
=  (2rrd/\)  cos  6 

In  addition,  a  third  formula  can  be  written  for 
the  reflection  case  with  a  metal-backed  sample : 

RMeJ,,M'  -  -f — — _  ( 5-3 ) 

1  —  re-is*  ' 

where  Ru  =  reflection  coefficient  for  rnetai- 
backed  sample 

Ru'  =  reflection  phase  for  metal-backed 
sample 

There  is  another  case  for  reflection  for  which 
an  additional  formula  can  be  expressed.  In  this 
case,  the  sample  is  made  to  have  an  effectively 
infinite  thickness  by  sample  geometry  or  by 
a  special  design  of  a  reflectometer  horn.  The 
measurement  of  reflection  at  normal  incidence 
is  expressed  by : 

R„e<B"'  =  ^  (5-4) 

1  +  V«* 

where  R*  =  voltage  reflection  coefficient  for 
an  infinitely  thick  sample 
R«'  =  reflection  phase  for  an  infinitely 
thick  sample 

Most  of  the  past  equations  on  radomes  as¬ 
sume  that  the  radome  wall  is  lossless.  With  this 
assumption  and  with  some  loss  in  accuracy,  the 
separation  of  Eqs.  6-1  through  6-4  into  their 
real  and  imaginary  parts  or  into  the  power  and 
phase  expressions  :s  relatively  simple.  Of 
course,  this  procedure  prevents  their  use  in  the 
determination  of  loss  tangent. 

If  loss  tangent  is  not  ignored,  the  three  power 
and  three  phase  expressions  from  Eqs.  6-1 
through  6-4  can  still  be  written,  but  will  appear 
quite  formidable.  Hereinafter,  these  eight 


parameters  will  be  referred  to  as  insertion  loss, 
insertion  phase,  reflection  loss,  reflection  phase, 
reflection  loss  with  metal-backed  sample,  reflec¬ 
tion  phase  with  metal-backed  sample,  reflection 
lose  for  infinite  sample,  miu  leneclion  phase  for 
infinite  3ample.  The  analytic  approach  to  the  de¬ 
termination  of  dielectric  constant  and  loss  tan¬ 
gent  from  these  eight  functions,  assuming  that 
all  other  variables  are  known,  is  to  select  any 
two  and  solve  them  simultaneously  for  dielec¬ 
tric  constant  and  loss  tangent.  Present  mathe¬ 
matical  techniques  nre  incapable  of  this  and  if 
they  were  capable,  the  resulting  expressions 
would  undoubtedly  be  too  lengthy  for  practical 
use. 

Fortunately,  there  are  other  alternatives: 
use  of  graphs  or  of  tables.  Present-day  digital 
computer  capabilities  make  this  approach  very 
practical.  The  approach  is  as  follows: 

1.  Any  two  of  the  eight  transcendental  func¬ 
tions  above  are  selected. 

2.  The  incidence  angle  in  the  functions  is 
fixed  at  a  convenient  or  desired  value  for 
the  measurement. 

3.  The  polarization  in  the  functions  is  fixed 
to  orient  the  electric  field  in  the  direction 
of  interest  for  the  measurement. 

4.  The  thickness  is  fixed  at  the  desired  value ; 
if  this  is  not  a  firm  value,  two  thicknesses, 
one  at  and  one  near  the  desired  nominal 
thickness,  are  chosen  to  permit  thickness 
interpolation  later. 

6.  A  digital  computer  is  programmed  to  com¬ 
pute  explicitly  any  pair  of  the  following 
as  a  function  of  dielectric  constant  and 
loss  tangent:  insertion  loss,  insertion 
phase,  reflection  loss,  reflection  phase,  re¬ 
flection  loss  with  metal-backed  sample, 
and  reflection  phase  with  metal-backed 
sample. 

6.  When  the  digital  computer  is  used,  the 
dielectric  constant  values  and  loss  tan¬ 
gent  values  are  chosen  at  sufficiently  close 
increments  to  permit  good  interpolation 
and  over  a  range  that  will  cover  the 
measurements  of  interest. 

7.  The  digital  computer  is  programmed  to 
print  the  output  in  a  convenient  table  or 
graph.  Tables  5-2  and  5-3  are  sample 
tables  computed  in  this  fashion  and  can 
be  used  as  examples  of  format. 

If  these  steps  are  properly  taken,  the  result 


338 


SAMPLE  COMPUTER  PRINTOUT  OF  INTERFEROMETER  TABLES* 


► 
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0.160  11.96  212.8  12.14  213.S  12.32  214.8  12.49  215.8  7.51  206.6  7.64  207.8  7.77  208.9  7.90  210.0  0.160 

0.180  12.29  211.1  12.47  212.1  12.63  213.1  12.80  214.1  7.86  205.5  7.99  206.6  8.11  207.8  8.24  £08.9  0.180 

0.200  12.63  209.5  12.80  210.5  12.96  211.5  13.12  212.5  8.22  204.4  8.34  205.6  8.46  206.7  8.58  207.8  0.200 


TABIE  5-2  SAMPLE  COMPUTER  PRINTOUT  OF  INTERFEROMETER  TABLES*  (cent) 
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1.0910,  45  DEG.  INCIDENCE 


TABLE  5-3  SAMPLE  COMPUTE*  PRINTOUT  OF  DIELECTRIC  SLAB  TABLES* 
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will  bo  a  convenient  two-bj-two  table  that  can 
be  used  to  convert  any  two  of  eight  measured 
functions  listed  “bnVS  into  th*  HiAlart.Hn  rnrw 
stant  and  loss  tangent.  This  type  of  tabulation 
is  referred  to  as  a  two-by-two  conversion  table. 
It  differs  from  the  one-by-one  table  (for  ex¬ 
ample,  a  log  table)  in  that  a  pair  of  known 
functions  instead  of  a  single  function  can  be 
converted  into  another  pair  of  dependent  func¬ 
tions,  It  can  be  used  directly  or  inversely,  just 
us  a  log  table  can  be  used  to  look  up  either  the 
log  or  the  antilog.  It  very  neatly  overcomes  the 
mathematical  obstacle  of  obtaining  the  implicit 
solution  to  two  simultaneous  transcendental 
equations.  The  computer  accomplishes  this  by 
computing  the  explicit  function  for  a  great 
number  of  cases.  The  implicit  solution  for  a 
particular  case  is  then  obtained  by  looking  in 
the  resulting  two-by-two  conversion  table.  In¬ 
terpolation  in  this  table  is  possible  just  as  in 
a  one-by-one  table.  The  interpolation  is  known 
as  double  interpolation  and  is  only  slightly 
slower  and  only  slightly  more  complex  than 
single  interpolation.  If  the  thickness  of  the 
sample  does  not  coincide  exactly  with  the  thick¬ 
ness  for  which  the  conversion  table  was  com¬ 
puted,  it  will  be  necessary  to  do  one  of  the 
following: 

1.  Since  tables  of  this  type  are  normally 
computed  for  a  given  thickness-to-wave- 
length  ratio,  a  slight  change  in  the  meas¬ 
urement  frequency  may  often  be  suffi¬ 
cient  to  obtain  the  thickness-to- wave¬ 
length  ratio  for  which  the  conversion  table 
was  computed. 

2.  If  there  is  interest  in  a  specific  frequency, 
and  thickness  is  fixed,  and  if  a  conversion 
table  is  not  available  for  exactly  this 
thlckness-to-wavelength  ratio,  another 
double  interpolation  can  be  made  between 
two  tables  whose  thickness-to-wavelength 
rutio  is  near  that  of  the  measurement. 

For  a  given  application,  the  question  of  which 
pair  of  the  measurable  parameters  listed  above 
should  be  measured  to  obtain  the  dielectric  con¬ 
stant  and  loss  tangent  should  be  considered 
very  carefully.  In  this  determination,  such  con¬ 
siderations  as  the  relative  ease  and  accuracy 
with  which  the  various  parameters  can  be  meas¬ 
ured  should  be  included.  To  assist  in  this 
determination,  the  measurable  quantities  in 


descending  order  of  their  accuracy  are  fre¬ 
quency,  thickness,  phase,  and  loss. 

Other  factors  should  also  be  considered.  For 
example,  reflection  loss  with  a  metal-backed 
sample  will  be  so  small  for  a  low-loss  material 
us  to  be  difficult  to  measure,  Therefore  it  should 
be  used  only  with  lossy  dielectrics,  such  as 
microwave  absorber  materials.  As  another  ex¬ 
ample,  since  loss  is  lowest  in  accuracy,  it  would 
not  be  wise  to  use  a  pair  of  loss  measurements; 
at  least  one  measurement  should  be  phase  or 
frequency. 

For  making  the  required  measurements,  the 
following  guidelines  are  useful : 

1.  All  of  these  measurements  are  substitu¬ 
tion  measurements.  I  kiss  and  phase,  for 
example,  are  measured  with  and  without 
the  sample  dielectric  in  place,  the  dilfer- 
enpes  being,  respectively,  insertion  loss 
and  insertion  phase  delay.  In  this  case, 
the  loss  and  phase  measurements  are  with 
reference  to  an  air  dielectric;  the  dielec¬ 
tric  constant  of  air  as  unity  and  loss  tan¬ 
gent  of  air  as  zero  are  used  as  standards. 
Air  is  almost  an  ideal  standard  because 
of  its  availability  and  because  of  the 
constancy  of  its  dielectric  constant  and 
loss  tangent.  However,  if  the  dielectric 
constant  of  the  sample  iB  high,  for  ex¬ 
ample,  above  5,  air  may  not  be  the  best 
standard  because  its  dielectric  properties 
are  so  much  different  from  those  of  the 
sample,  If  a  standard  can  be  obtained 
thut  has  a  dielectric  constant  in  the 
neighborhood  of  the  unknown,  the  ac¬ 
curacy  of  the  measurement  will  be  im¬ 
proved.  With  conversion  tables,  it  is  no 
more  difficult  to  use  a  known  dielectric 
material  as  a  standard  than  it  is  to  use 
air.  The  thickness  of  this  standard  should 
also  be  in  the  neighborhood  of  the  un¬ 
known. 

2.  As  an  example  of  how  a  suitable  standard 
will  improve  measurement  accuracy,  con¬ 
sider  the  geometry  of  a  typical  interfer¬ 
ometer  horn,  as  shown  in  Fig,  5-1,  Assum¬ 
ing  that  microwave  energy  emanates  from 
the  transmitting  horn  as  though  from  a 
point  source  from  the  phase  center  of  the 
horn  at  point  A,  L  BAC  is  the  angular 
sector  of  the  energy  pattern  received  by 
the  receiving  horn  without  the  sample 
in  place.  When  the  sumple  is  introduced, 
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because  of  refraction  effects  as  Hhown  by 
the  dashed  lines,  L  PAF  is  the  angular 
sector  of  the  tranamittting  horn  energy 
pattern  by  tha  ra***?v*nsr  bom. 

Since  Z  DAF  is  larger  than  L  BAC,  there 
is  a  gain  due  to  refraction  that  might  be 
referred  to  as  a  sample  focusing  effect. 
This  sample  focusing  effect  would,  of 
course,  disappear  if  the  horns  could  be 
placed  far  enough  apart  to  have  a  perfect 
plane  wave  incident  on  the  sample.  If 
this  were  done,  the  sample  would  have  to 
be  impractically  large  to  avoid  edge  ef¬ 
fects.  Therefore,  this  focusing  effect  must 
be  accounted  for  by  a  suitable  correction 
factor.  Figure  5-2  is  a  graph  of  this  ef- 
act  computed  for  a  13-in.  horn  spacing. 
This  graph  gives  the  required  correction. 
A  more  accurate  way  to  eliminate  this 
problem  is  to  use  a  standard  that  has  a 
dielectric  constant  and  thickness  close  to 
that  of  the  unknown  sample.  The  focusing 
effect  for  the  standard  wi'1  then  be  ap¬ 
proximately  the  same  as  that  for  the  un¬ 
known  sample.  It  should  be  noted  that 
this  focusing  effect  due  to  sample  inser¬ 
tion  is  present  to  a  greater  or  lesser  extent 
in  all  free-space  interferometers;  omis¬ 
sion  of  this  effect  may  be  one  reason  why 
i  .terferometers  are  not  accurate  in  loss 
measurement.  Free-space  reflectometers 
may  be  subject  to  a  similar  Bource  of 
error,  depending  on  the  distance  of  the 


sample  from  the  horn  and  the  type  of 
horn  used. 

3.  With  the  large  number  of  measurable 

nur« nv«  for  apjf 

bration,  consideration  should  be  given  to 
measuring  more  than  just  the  two  that 
were  chosen  for  the  dielectric  constant 
and  loss  tangent.  For  example,  if  three 
parameters  arc  measured,  two  different 
conversion  tables  are  possible,  each  with 
its  own  pair  of  measured  parameters  con¬ 
vertible  into  dielectric  constant  and  loss 
tangent.  For  example,  if  insertion  loss, 
insertion  phase,  and  reflection  phase  were 
measured,  the  two  conversion  tables  could 
be  insertion  loss  and  insertion  phase  to 
dielectric  constant  and  loss  tangent,  and 
insertion  phase  and  reflection  phase  to 
dielectric  constant  and  Iobb  tangent.  Thus, 
from  three  measurements  there  result  two 
independent  determinations  of  dielectric 
constant  and  loss  tangent.  The  agreement 
between  the  two  sets  of  determinations 
is  a  good  check  on  the  accuracy  of  the 
method. 

4.  Another  source  of  error  is  the  trapped  or 
surface  wave  effect.  This  is  caused  by  a 
sample  whoae  surface  dimensions,  in  the 
practical  case,  are  never  infinite.  It  the 
transmittinng  horn  excitea  in  the  sample, 
a  trapped  or  surface  wave  that  follows 
the  surface  of  the  sample  to  its  edges, 
from  where  it  is  reflected  back  into  the 


Flgoro  5-1 .  Ooomolry  of  Typical  IntorforoMotor  Horn  Showing  Samplo 
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inspection  zone,  an  error  will  be  intro¬ 
duced  into  the  measurement  The  presence 
of  t.hi?  effect  css  be  detected  by  probing 
the  sample  surface  exterior  to  the  inspec¬ 
tion  zone  with  a  small  pickup  horn.  An¬ 
other  way  of  detecting  this  effect  is  with 
a  known  homogeneous  sample.  If  on  the 


homogeneous  sample,  different  dielectric 
constant  and  loss  ridings  are  obtained 
for  small  movements  of  the  inspection 
zone  one  the  sample,  this  is  good  evidence 
of  the  presence  uf  a  trapped  or  surface 
wave.  The  employment  of  a  dielectric 
standard  is  not  effective  in  reducing  error 


figure  5-2.  Graph  for  Focusing  Co neefion 
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caused  by  this  effect  because  the  standard 
will  be  subject  to  the  presence  of  the  same 

typC  of  w  iwll  ctli  ulipitlUlCI.- 

able  effect.  Possibly  the  best  way  to  min¬ 
imize  this  effect  is  to  surround  the  inspec¬ 
tion  zone  with  a  microwave  absorber  in 
intimate  contact  with  the  surface  of  the 
sample.  Another  way  might  be  to  taper 
all  edges  of  the  sample  to  prevent  reflec¬ 
tion  of  the  trapped  wave  back  into  the 
inspection  zone. 

fi.  Another  problem  that  plagues  both  inter¬ 
ferometers  and  reflectometers  is  the  so- 
called  free-space  standing  wave  effect, 
This  is  caused  by  multiple  reflections 
between  the  antenna  or  antennas  and  the 
sample.  It  is  encountered  only  at  incidence 
angles  below  about  80°.  Thus,  it  is  always 
present  in  a  one-horn  reflectometer.  On 
the  other  hand,  if  an  interferometer  is 
operated  at  incidence  angles  above  30°, 
this  effect  is  not  a  problem. 


5-4  APPLICATIONS  OF  INTERFEROMETERS, 
REFLECTOMETERS,  AND  PHYSICAL 
THICKNESS  GAGES  IN  QUALITY 
CONTROL  OF  RADOMES* 

To  complete  the  preceding  general  discussion 
of  free-space  measurement  techniques,  it  is  use¬ 
ful  to  consider  detailed  descriptions  of  applica¬ 
tion  experiences  that  have  taken  place  in  the  ra- 
dome  industry  with  each  of  several  specific  in¬ 
struments.  The  following  paragraphs  contain 
extracts  from  papers  by  engineers  in  the  radome 
industry.  Instruments  discussed  include  those 
used  for  physical  thickness  measurements  as 
well  as  those  used  for  measurements  of  electri¬ 
cal  properties  of  a  radome  wall.  Since  many  of 
these  instrument  types  were  covered  ade¬ 
quately  in  Techniques  for  Airborne  Radome  De¬ 
sign,  the  instruments  discussed  are  those  that 
are  new  or  have  undergone  new  developments 
since  1957. 


5-4.1  SHEFFIELD  RADOME  THICKNESS  OAGE 

With  the  growing  use  of  ceramics  instead  of 
fiberglass-plastic  laminates  in  radomes,  there 


*  See  Paragraph  4-10.6. 


has  been  a  change  in  the  significance  of  the 
measurement  of  physical  thickness  of  n  radome 
‘necause  the  dielectric  constant  of  the  ceramic 
radome  is  generally  very  well  controlled.  Thus, 
it  is  possible  to  make  good  copies  of  radome 
prototypes  that  are  satisfactorily  equivalent 
electrically  simply  by  making  a  ycint-by-point 
comparison  of  physical  thickness  between  copy 
and  prototype  and  correcting  thickness  of  the 
copy  where  it  falls  outside  the  specification.  The 
Sheffield  Radome  Thickness  Gage  is  the  first 
step  towards  automatizing  this  measurement. 

5-4. 1 , 1  Typical  Application* 

5.4.1 .1.1  Wall  Thleknt t*  Gag*  During  Final  Inspec¬ 
tion.  In  this  application,  the  radome  is  placed 
vertically  on  the  special  gaging  fixture  (see  Fig. 
5-3).  The  part  rests  on  a  spherical  ball  bearing 
that  locates  itself  in  the  tip  of  the  radome.  The 
part  is  held  steady  by  four  fired  buttons  located 
at  four  quadrants  radiully  approximately  half¬ 
way  up  the  four  arms  of  the  fixture. 

A  graduated  ring  on  the  base  of  the  fixture 
allows  the  operator  to  position  the  part  radially 
during  the  checking  procedure.  The  inside  diu- 
meters  of  the  radome  are  contacted  by  25 
Sheffield  Plunjet  gaging  cartridges.  These  Plun- 
jets  are  located  on  one  arm  of  the  gaging  fixture. 
Matched  sets  of  Plunjets,  to  contact  the  out¬ 
side  diameters  of  the  radome,  are  mounted  on 
a  ball  slide  fixture,  which  is  moved  into  contact, 
with  t;.j  part  by  means  of  an  air  cylinder. 

The  readings  of  wall  thickness  are  indicated 
directly  on  the  multiple-column  Precisionaire 
instrument  and  represent  the  wall  thickness  at 
25  points  on  the  radome. 

The  time  required  for  complete  inspection  of 
a  part  depends  on  the  operator’s  ability  to  load 
and  unload  the  part  from  the  fixture,  as  well 
as  the  number  of  checks  that  are  required  radi¬ 
ally.  The  readings  on  the  Precisionaire  instru¬ 
ment  are  obtained  instantaneously. 

5.4. 1.1. 2  Intlda  Dlamtlar  and  In-Pro c**i  Gag*. 

This  particular  application  is  designed  to 
check  the  Inside  diameter  of  the  radome  during 
the  lapping  operation  (see  Fig,  5-4).  The  part 
is  located  over  the  special  fixtures  and  rests  on 
two  sets  of  ball  contacts.  With  the  base  of  the 
part  against  an  adjustable  rest,  the  part  is 
oriented  until  u  fiducial  indicating  contact 
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reaches  a  specific  reading:.  When  this  point  is 
reached,  the  two  sets  of  ball  rests  are  located 
ut  their  respective  datum  positions  on  the  inside 
diameters. 

The  diameters,  are  contacted  by  Pluniet  mg. 
ing  cartridges  and  indicate  the  diameter  di¬ 
rectly  by  the  position  of  the  indicating  floats  on 
the  Precisionaire  column  instrument.  Three  sets 
of  adjustable  measuring  contacts  at  the  base  of 
the  gaging  fixture  check  a  straight  inside  di¬ 
ameter  at  the  base  of  the  radome. 

A  total  of  17  internal  diameters  are  checked 
simultaneously  on  this  fixture.  A  special  Leafjet 
air  spindle  is  located  at  the  tip  of  the  fixture  to 
check  the  inside  diameter  of  the  tip  of  the 
rudome.  Inspection  time  per  part,  as  in  the 
previous  illustration,  depends  on  the  time  to 
load  and  unload  the  part  and  the  amount  of 
exploration  desired.  The  readings  by  the  Preci¬ 
sionaire  instrument  appear  instantaneously, 

According  to  Reference  2  the  instrument  with 
its  associated  tooling  is  accurate  to  within  5% 
of  the  total  measuring  range  (e.g.,  for  a  0.002- 
in.  measuring  range,  the  accuracy  would  bo 
0.0001  in.). 


5-4.7  BRANSON  VIDIGAGE — AN  ULTRASONIC 
PHYSICAL  THICKNESS  GAGE 

For  measurement  of  the  physical  thickness 
of  a  radome  wall  at  a  single  point,  the  Branson 
Vidigage  is  quite  popular.  Its  principal  advan¬ 
tage  over  a  micrometer  caliper  is  that  it  permits 
wall  thickness  measurements  where  access  is 
available  to  only  one  side  of  the  radome  wall. 
The  wall  thickness  indication  that  the  instru¬ 
ment  displays  is  a  function  of  the  actual  physi¬ 
cal  thickness  of  the  wall  and  the  acoustic 
propagation  constants  which  include  elastic 
modulus  and  density,  of  the  wall  material.  Thus, 
care  must  be  taken  in  the  interpretation  of 
measurement  data  that  variations  in  the  ap¬ 
parent  wall  thickness  as  measured  by  the  instru¬ 
ment  are  not  due  to  variations  in  the  elastic 
modulus  or  density.  Thus,  with  proper  care  and 
with  homogeneous  materials,  measurements  to 
an  accuracy  of  ±6.001  in.  can  be  made.  Voids 
and  delaminations  would  also  affect  the  read¬ 
ings  taken  with  the  instrument.  It  is  natural, 
therefore,  that  the  efficiency  of  the  instrument 
is  better  with  ceramic  radome  materials  than 
with  fiberglass-plustic  laminates  because  of  the 


greater  homogeneity  of  the  ceramic  materials. 
On  the  other  hand,  the  sensitivity  of  instru¬ 
ments  of  this  type  to  discontinuities  in  walls 
has  led  to  their  use  in  the  detection  of  defects. 
One  ufMbn  the  Brenner.  Scr.cray  Flaw  Detec¬ 
tor  is  adaptable  to  the  through-transmission 
of  acoustic1  energy. 

5.4.2.1  Principle  of  Operation 

The  Vidigage  employs  a  sweep  oscillator  to 
generate  a  range  of  frequencies  that  are  dis¬ 
played  on  the  cathode-ray  tube  as  a  horizontal . 
base  line  (Reference  3).  The  frequencies  pro-' 
duced  by  the  oscillator  are  converted  into  ultra¬ 
sonic  energy  by  a  transducer.  When  the  trans¬ 
ducer  is  placed  on  a  test  piece,  the  ultrasonic 
energy  is  transmitted  into  the  part  as  a  con¬ 
tinuous  wave  train. 

Each  thickness  of  a  given  material  has  its 
own  natural  resonance  frequency.  At.  this  fre¬ 
quency  (or  multiples  of  it),  when  the  trans¬ 
mitted  and  reflected  waves  are  in  phase,  there 
will  be  a  relatively  large  increase  in  the  ampli¬ 
tude  of  the  waves  in  the  material.  These  ure 
resonance  conditions  occurring  at  the  funda¬ 
mental  frequency,  which  is  inversely  propor¬ 
tional  to  twice  the  thickness  and  directly  pro¬ 
portional  to  the  velocity  of  sound  in  the  ma¬ 
terial,  and  also  occurring  at  harmonics  (multi¬ 
ples  of  the  fundamental  frequency).  Since  the 
velocity  is  a  known  constant,  the  fundamental 
frequency  required  to  produco  resonance  is  an 
accurate  and  reliuble  measure  of  the  unknown 
thickness. 

As  the  oscillator  sweeps  through  the  resonant 
frequency  of  the  part,  or  any  of  the  harmonics 
of  that  frequency,  a  vertical  resonance  indica¬ 
tion  appears  on  the  cathode-ray  tube.  This 
indication  is  used  to  determine  approximate 
thickness,  Actual  thickness  measurements  are 
made  by  placing  a  thickness  scale  in  front  of 
the  cathode-ray  tube. 

Reference  4  presents  ultrasonic  techniques 
in  the  quality  control  of  radomes.  The  following 
paragraphs  are  extracted  from  thiB  source  and 
Figs.  5-5  and  5-6  illustrate  the  use  of  the  equip¬ 
ment. 


The  usefulness  of  ultrasonics  for  inspection 


5-4. 2.2  Typical  Application* 


purposes  is  dependent  upon  the  change  m  be¬ 
havior  of  these  waves  as  they  propagate  in  a 
material.  The  acoustical  properties  of  a  ma¬ 
terial  can  result  in  the  occurrence  of  reflection, 
refraction,  mode  conversion,  attenuation,  and 
diffraction,  or  any  combination  of  these  effects. 
To  generate  an  ultrasonic  wave,  it  is  necessary 
to  use  an  electromechanical  transducer  that  is 
capable  of  transforming  electrical  energy  into 
mechanical  energy  and  vice  versa.  At  frequen¬ 
cies  above  200  kc,  piezoelectric  materials  such 
as  quartz,  barium  titanate,  and  lithium  sulfate 
are  used.  Quartz  has  been  used  most  extensively, 
primarily  because  of  its  electrical  and  mechani¬ 
cal  stability,  resistance  to  aging,  high-tempera¬ 
ture  capability,  and  high  degree  of  insolubility. 
Its  major  disadvantages  are  inefficiency  and 
a  mode  conversion  susceptibility.  For.,  ceramic 
and  fiberglass  materials,  test  frequencies  from 
1  to  25  me  are  used.  It  is  usually  ue3irable  to 
use  the  lowest  frequency  that  will  give  satisfac¬ 
tory  results. 

5-4.2. 2.1  Method*  ‘Available.  Both  reflection  and 
through-transmission  methods  have  been  suc¬ 
cessfully  applied  to  radome  materials.  The  re¬ 
flection  method  can  be  extensively  utilized  with 
homogeneous  materials  such  as  Pyroceram, 
fused  silica,  and  alumina.  This  method  can 
provide  rapid  evaluation  of  the  physical  wall 
thickness  of  a  radome  and  will  locate  defects, 
such  as  cracks  and  porous  areas.  The  reflection 
method  has  had  limited  success  with  nonhomo- 
geneous  materials,  such  as  fiberglass  laminates. 
A  more  practical  approach  has  been  the 
through-transmission  method.  This  method  is 
useful  for  locating  voids,  resin  content  varia¬ 
tions,  delamina. "ions,  and  other  fabrication  de¬ 
fects  in  fiberglass  laminates. 

5-4.2.2.2  The  Reflection  Test.  For  the  reflection 
test,  a  quartz  transducer  can  be  made  to  oscil¬ 
late  by  applying  a  pulsed,  oscillating  voltage. 
An  ultrasonic  beam  generated  in  the  crystal  can 
be  made  to  pass  through  the  test  material,  pro¬ 
vided  there  is  an  adequate  coupling  medium 
between  the  crystal  and  the  test  sample.  The 
coupling  medium  can  be  of  any  of  several 
liquids  that  are  capable  of  wetting  the  surfaces 
and  staying  between  the  crystal  and  the  test 
sample  during  the  test.  Water  or  oil  is  used 
extensively  as  a  coupling  material.  Oil  provides 
better  coupling  in  some  cases,  but  water  is 


preferable  if  the  material  being  tested  has  a 
tendency  to  absorb  liquids.  A  resonance  con¬ 
dition  is  established  in  the  test  sample  by  vary¬ 
ing  the  ultrasonic  frequency  When  thi;  con¬ 
dition  is  obtained,  reflections  from  the  first 
surface  will  be  in  phase  with  reflections  from 
the  opposite  surface.  Resonance  will  occur  only 
when  the  test  sample  thickness  is  one-half  the 
ultrasonic  wave  length.  To  calculate  the  sample 
thickness,  it  is  necessary  to  know  the  funda¬ 
mental  operating  frequency  and  the  velocity 
of  sou- id  propagating  through  the  material. 
The  formula  for  this  calculation  is 

d  —  y>  A  —  I/O  v/f  (5-5) 

where  d  =  wall  thickness 

f  =  fundamental  frequency 
v  =  velocity  of  sound  propagating 
through  the  test  material 
X  =  wavelength  of  the  fundamental 
frequency 

Accuracy  of  the  measurement  will  normally  be 
within  3%  of  the  actual  thickness. 

5-4.2.2.3  The  Through-Tranimiulon  Tetl.  The 

through-transmission  test  is  dependent  upon 
the  principle  that  variations  in  the  test  sample 
will  produce  significant  changes  in  the  ultrasonic 
energy  level.  The  basic  equipment  for  this  test 
consists  of  an  ultrasonic  generator,  a  receiving 
apparatus,  the  test  sample,  and  a  suitable  cou¬ 
pling  liquid.  A  practical  ’system  also  includes 
a  scanning  system  and  recording  equipment  to 
reduce  test  time  to  a  minimum.  The  through- 
transmission  test  can  be  most  readily  applied 
to  the  qualification  testing  of  low-frequency 
radomes  that,  because  of  excessive  range  re¬ 
flections,  cannot  be  satisfactorily  range  tested. 
Any  degree  of  uniformity  desired  can  be  estab¬ 
lished  in  the  test  by  determining  a  minimum 
acceptable  attenuation  level.  It  is  necessary  to 
establish  this  level  with  radomes  of  known  elec- 
u  el  and  structural  characteristics,  but  once 
this  is  accomplished,  the  ultrasonic  test  wiil 
provide  an  efficient  screening  of  parts  that  are 
defective  structurally  or  that  vary  electrically 
as  a  result  of  resin  content  variations,  improper 
wall  thickness,  or  contaminants  in  the  material, 

5-4.2. 2.4  Summary  of  Teilt.  The  ultrasonic  test 
method  can  be  used  to  advantage  for  both  the 
electrical  and  structural  quality  control  of  ra- 
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domes.  It  has  the  advantage  of  instantaneous 
indication ;  it  gives  the  ability  to  inspect  a  wide 
range  of  samples  for  size,  geometry,  and  area 
of  flaw;  there  are  no  safety  hazards  involved; 
it  is  a  sensitive  and  highly  directive  test;  it  is 
easy  to  operate ;  and  in  the  case  of  the  reflection 
equipment,  it  can  be  made  portable.  Flaws  that 
can  be  detected  are  voids,  cracks,  inclusions, 
lamination  separations  and  resin  content  varia¬ 
tions.  The  method  has  application  wherever 
range  tests  are  not  feasible  and  also  as  a  sup¬ 
plement  to  range  tests  to  reduce  test  time  and 
costs.  An  investment  in  ultrasonic  equipment 
has  an  additional  advance  over  microwave 
equipment  in  that  ultrasonic  equipment  can  be 
used  for  applications  other  than  radomes  where 
structural  quality  must  be  determined. 

5-4.3  NORTH  AMERICAN  AVIATION 
MICROWAVE  THICKNESS  GAGE 

The  North  American  Microwave  Thickness 
Gage  is  a  type  of  reflectometer  designed  to 
portray,  on  an  oscilloscope,  the  standing  wave 
produced  in  a  wave'  aide  by  reflection  from  a 
radome  wall.  Thus  .  i  instrument  responds  to 
reflection  phase. 

Reference  5  presents  the  use  of  this  gage  in 
quality  control  and  non-destructive  testing  of 
dielectric  components.  The  following  para¬ 
graphs  are  extracted  from  this  source, 

5-4.3. 1  Typical  Application 

The  instrument  is  designed  so  that  nontech¬ 
nical  personnel  can  satisfactorily  perform  the 
desired  grinding  operation  of  a  radome  with  a 
minimum  of  instruction;  this  is  due  to  the 
unique  go-no-go  presentation  on  the  oscillo¬ 
scope. 

Figure  5-7  shows  typical  presentation  for 
various  radome  wall  thicknesses  as  seen  by  an 
operator.  The  presentation  on  the  oscilloscope 
is  the  resultant  standing  wave  pattern  gener¬ 
ated  in  the  microwave  pickup  probe,  since  the 
microwave  thickness  gage  is  an  R-F  resonance 
device  whose  effectiveness  depends  upon  re- 
fleeted  electromagnetic  energy.  It  is  essential 
that  enough  power  be  returned  to  assure  ac¬ 
curate  detection  of  electrical  thickness  varia¬ 
tions  or  voids  in  the  dielectric  material.  In  the 
microwave  spectrum,  metallic  surfaces  reflect 
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Figure  5-7.  Otdlfoicope  Rreienlation  for  Wall 

Thiekneit  Moaturoment  Using  North  American 
Aviation  Microwave  Thickness  Gage 

all  incident  electromagnetic  energy;  thus,  by 
placing  a  metallic  surface  behind  the  dielectric 
material  to  be  tested,  the  necessary  level  of 
energy  is  reflected.  Variations  of  thickness  from 
a  predetermined  value  caused  by  such  factors 
as  nonuniformity  of  materials,  voids,  and  dis¬ 
continuity  will  either  advance  or  retard  the 
standing  wave  pattern,  therefore  displaying  the 
resultant  null  pattern  to  the  right  or  left  of  a 
Axed  pip  or  marker.  A  calibrated  grid  placed  on 
the  oscilloscope  face  can  determine  the  displace¬ 
ment. 

Radomes  fabricated  with  the  use  of  the 
microwave  thickness  gage  have  excellent  elec¬ 
trical  properties  and  can  be  duplicated  with 
minimum  effort  during  production  fabrication. 
Figure  6-8  shows  the  close  match  of  electrical 
curves  of  several  radomes  manufactured  con¬ 
secutively. 

The  problems  In  the  nondestructive  testing 
of  dielectric  materials  are  similar  to  the  prob¬ 
lems  in  fabricating  high-quality  radomes  There¬ 
fore,  preliminary  investigations  were  made  to 
determine  the  feasibility  of  utilizing  the  micro- 
wave  thickness  gage  for  other  nondestructive 
testing. 

5-4.3.1.1  Intlrumtnt  Somllivity.  To  determine 
the  sensitivity  of  the  microwave  thickness  gago 
in  detecting  discontinuities,  voids,  and  delam¬ 
ination  of  dielectric  material,  the  following 
test  were  performed  on  a  typical  sample,  as 
shown  in  Fig.  5-9. 

The  sample  was  divided  into  four  areas:  A, 
B,  C,  and  D.  The  instrument  was  calibrated  and 
referenced  in  each  area  before  modifications. 
In  area  A,  the  thickness  gage  indicated  that 
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the  material  was  0.002  in.  thinner  after  a  0.027- 
in.  diameter  hole  was  drilled  in  the  sample.  A 
0.039-in.  diameter  hole  gave  an  indication  of 
it  being  0.003  in.  thinner  and  a  0.066-in.  diam¬ 
eter  hole,  0,008  in  thinner. 

In  area  B,  0.027-  and  0.066-in.  diameter  holes 
caused  an  indication  of  0.001  and  0.008  in.  less 
than  before,  respectively.  The  descrease  in 
sensitivity  in  area  B  is  due  to  the  polarization 
of  the  electromagnetic  wave.  In  area  C,  the  re¬ 
sults  were  the  same  as  those  for  area  B. 

Delamination  tests  were  performed  in  area  D. 
The  instrument  indicated  the  thickness  to  be 
0.002  in.  thicker  after  delamination  of  the  top 
plies. 

Tests  performed  on  printed  circuit  material 
indicated  results  similar  to  those  achieved  in 
area  D. 
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5-4.3.1.2  Summary  of  Tails.  The  use  of  the 
microwave  thickness  gage  at  North  American 
Aviation  has  resulted  in  vastly  improved  man¬ 
ufacturing  methods  in  A3J  radome  production ; 
rauome  testing  procedures  else  hav*  been  great, 
ly  simplified. 

Results  obtained  using  the  gage  in  nonde¬ 
structive  testing  to  measure  the  equivalent  dis¬ 
continuities  in  metallic  materials  are  compara¬ 
ble  to  those  obtained  with  the  ultrasonic  test 
equipment.  The  gage  gives  improved  perform¬ 
ance  with  tests  made  on  nonmetallic  materials. 

5-4.4  MICROWAVE  INSTRUMENTS  CO.— 
MICROWAVE  THICKNESS  GAGES  FOR 
NONMETALS 

A  series  of  thickness  gages  is  available  from 
the  Microwave  Instruments  Company  (see 
Reference  6).  According  to  the  manufacturer, 
the  operating  principle  of  the  reflection  gage, 
Model  622A,  is  different  from  that  of  the  North 
American  Aviation  radome  thickness  gage. 
For  information  on  the  general  performance 
of  this  gage,  refer  to  the  manufacturer’s  I  de¬ 
tin  No.  122,  October  1963. 

5-4.5  MICROWAVE  INSTRUMENTS  CO— 
DIELECTROMETER  MODEL  611 A 

The  Microwave  Instruments  Company  also 
manufactures  a  dielectrometer,  model  611  A, 
that  operates  as  a  refleetometer.  Its  outstand¬ 
ing  feature  is  that  it  reads  the  dielectric  con¬ 
stant  and  loss  tangent  directly.  The  electric 


Figure  5-6.  Companion  Null  Shift  Maaturamanfi 
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Figura  5-9.  Ffbarglats  Laminate  Tail  Sample 


field  is  in  the  plane  of  the  sample.  Both  cir¬ 
cularly  and  linearly  polarized  heads  are  avail¬ 
able.  An  inspection  zone  as  small  as  1/8-in. 
diameter  hemisphere  at  8.6  gc  is  claimed.  Meas¬ 
urement  is  independent  of  the  sample  thickness, 
ptuviueu  that  ine  sample  thickness  is  greater 
than  1/4  in.  Therefore,  it  seems  that  the  in¬ 
strument  is  a  reflectometer  that  gains  its  in¬ 
formation  from  the  first  interface  reflection 
coefficient.  For  further  information,  refer  to 
manufacturer’s  Bulletin  No.  121,  October  1963. 


5-4.6  A  MICROWAVE  REFLECTOMETER  THAT 
READS  DIELECTRIC  CONSTANT  DIRECTLY 


For  additional  background  in  the  problem 
of  designing  microwave  reflectometers  to  read 
dielectric  constant  and  loss  tangent  directly,  the 
following  paragraphs  are  presented  (Refer¬ 
ence?).  Success  was  achieved  in  reading  directly 
the  dielectric  constant  of  small  disks. 

The  dielectric  constant,  or  its  square  root,  the 
index  of  refraction,  can  be  determined  by  meas¬ 
uring  either  capacitance,  velocity  of  propaga¬ 
tion,  Brewster  angle,  refraction  angle,  or  re¬ 
flected  power.  Reflected  power  measurements 
eliminate  the  computation  required  by  other 
techniques.  The  following  describes  a  method 
of  using  reflected  power  for  direct  reading  of 
the  dielectric  constant. 

The  power  reflection  coefficient  from  a  flat 
sheet  of  dielectric  material  for  the  lossless  case 
is 


|R|*  = 


_ 4  r-  sin2  <t>  _ 

(1  —  r“)  2  +  4  r-  sin2  <j> 


(6-6) 


where  R  =  the  voltage  reflection  coefficient 
r  =  the  interface  voltage  reflection  co¬ 
efficient 


<f>  —  electrical  thickness  in  radians  at 
normal  incidence 


r  =  (1  -  V®)/(1  +  \£)  (8-6) 

where  «  =  the  dielectric  constant 
When  the  sheet  is  an  odd  multiple  of  quarter 
waves  in  thickness,  the  sin2  <j>  term  in  Eq.  6-6 
reduces  to  unity  and  by  substituting  Eq.  6-6, 
Eq.  6-6  becomes : 

R=  (*_l)/(*+  1)  (6-7) 

But  R=  (p  —  l)/(p  -)-  1)  (6-8) 

where  p  —  voltage  standing  wave  ratio 


Therefore,  from  Eqs.  5-7  and  5-8. 

e-p 

Since  p  can  be  read  directly  using  a  micro- 
wave  rntiometer  technique,  it  is  possible  to  read 
tue  dielectric  constant  directly.  To  do  this,  it 
should  be  sufficient  to  read  the  voltage  stand¬ 
ing  wave  ratio,  p,  at  the  frequency  at.  which 
the  thickness  is  any  odd  multiple  of  quarter 
waves.  However,  in  applying  this  principle, 
several  complications  arise. 

One  such  complication  is  frequency  am¬ 
biguity.  For  a  sample  of  a  given  thickness,  the 
quarter-wave  thickness  occur  at  discrete  fre¬ 
quencies  that  are  themselves  dependent  on  the 
dielectric  constant  to  be  determined.  This  is 
shown  in  Fig.  5-10  for  1/8-,  1/4-,  3/8-,  and  1/2- 
in.-wall  thicknesses.  Power  reflection  coeffi¬ 
cient  curves  are  shown  for  dielectric  constants 
of  6  and  6.  This  difficulty  is  overcome  by  using 
a  microwave  ratiometer  technique  that  uses  a 
sweep  generator,  as  shown  in  Fig.5-11.  The  X-Y 
recorder  at  the  output  of  the  ratiometer  records 
the  curves  of  Fig.  6-10  directly.  Since  the  dielec¬ 
tric  constant  can  be  determined  by  measuring 
the  height  of  one  of  the  peaks,  frequency  am¬ 
biguity  is  eliminated,  provided  that  the  dielec¬ 
tric  constant  itself  does  not  vary  with  fre¬ 
quency.  Generally,  for  the  dielectrics  used  in  ra- 
domes,  the  dielectric  constant  does  not  chunge 
throughout  the  microwave  region. 

The  output  of  the  ratiometer  varies  with 
the  power  reflection  coefficient,  not  with  p, 
which  was  shown  to  be  equal  to  the  dielectric 
constant  at  quarter-wave  frequencies.  On  the 
other  hand,  over  narrow  ranges  of  p,  say  5  to 
6,  the  relationship  between  p  and  power  reflec¬ 
tion  coefficient  is  nearly  linear.  Therefore,  if 
two  standards  with  different  dielectric  constant 
values  are  used,  both  close  to  the  unknown 
dielectric  constants,  a  scale  can  be  recorded 
with  the  X-Y  recorder  and  subsequently  the 
unknown  pan  be  read  directly  from  this  linear 
scale.  For  routine  quality  control  in  producing 
the  same  dielectric  materials,  two  standards  are 
sufficient.  If  the  instrument  is  used  to  measure  a 
series  of  samples  with  widely  varying  dielectric 
constants,  a  corresjwndingly  larger  number  of 
standards  is  required. 

The  ideal  sample  is  small  and  inexpensive. 
For  correlation,  it  is  also  desirable  to  measure 
the  sume  samples  as  are  used  in  a  shorted 
waveguide  type  of  dielectrometer.  However, 
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EFFECT  OF  DIELECTRIC  THICKNESS  ON  CURVES 
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Figure  5-1 2.  Refaction  Coefficient  Curvet  for 
Four  Different  Material! 

the  measurement  is  based  on  the  assumption 
that  the  sumple  is  an  infinite-plane  flat  sheet. 
Therefore,  a  compromise  is  made.  This  com¬ 
promise  is  determined  experimentally.  These 
experiments  show  that  the  1  in.  circular  disks 
in  the  shorted  waveguide  dielectrometer,  when 
placed  over  the  open  end  of  a  1  X  1/2  in.  rec¬ 
tangular  waveguide,  give  good  reproducibility 
and  correlation  with  the  shorted  waveguide  in¬ 
strument.  Samples  should  either  be  very  small 
or  very  large  (6  in.  or  more) ,  with  intermediate 
sizes  the  worst  choice.  Samples  should  also  have 
smooth  surfaces  and  constant  thickness. 

When  the  sample  is  placed  directly  over  the 
open  end  of  tho  waveguide,  the  open  end  be¬ 
comes  an  antenna,  the  sample  being  in  the  near 
field.  Measurement  was  insensitive  to  reflecting 
objects  placed  as  close  as  6  in.  from  the  an¬ 
tenna.  The  reason  is  that  with  samples  of  a 
dielectric  constant  of  6  or  higher,  a  large  per¬ 
centage  of  the  energy  is  reflected  back  into  the 
waveguide,  especially  at  the  quarter-wave  fre¬ 
quency  and  its  odd  multiples.  Also,  any  unde¬ 
sired  reflection  from  surrounding  objects  is 
reflected  away  at  this  frequency. 

Figure  5-12  shows  curves  recorded  with  the 
direct-reading  dielectrometer  for  four  ma¬ 
terials. 

The  peaks  of  the  power  reflection  coefficient 
curves  follow  a  scale  (similar  to  a  logarithmic 
scale)  that  is  the  relationship  between  power 
reflection  coefficient  and  p.  It  would  be  impossi¬ 
ble  to  read  this  scale  to  more  than  two  signifi¬ 
cant  figures.  For  quality  control  of  the  dielec¬ 
tric  constant,  at  least  three  significant  figures 
are  required;  therefore,  instrument  sensitivity 
must  be  increased.  When  this  is  done,  the 
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Figure  5-13.  Increated  $ oniltivlty  Meaturemenl 
for  Pyroceram 

complete  curve  no  longer  fits  the  recorder. 
Therefore,  the  frequency  scale  is  reduced  to 
consider  only  the  peak  area,  Figure  5-13  shows 
the  result  of  this  on  three  1/2-in.  specimens  of 
Pyroceram  with  dielectric  constants  of  5.5, 
5.6,  and  5,7.  This  scale  is  now  suitable  for  read¬ 
ing  directly  the  dielectric  constants  of  1/2-in. 
specimens  of  Pyroceram.  The  experimental 
curves  are  not  us  smooth  as  the  theoretical 
curves.  When  the  sensitivity  is  increased,  the 
curves  become  even  rougher.  These  imperfec¬ 
tions  are  due  to  variations  of  antenna  charac¬ 
teristics,  directional-coupler  characteristics, 
and/or  detector  characteristics  with  frequency, 

There  are  several  remedies.  One  is,  if  a  mul¬ 
tiplicity  of  minor  peaks  occurs  in  the  quarter- 
wave  region  as  a  modulation  of  the  major  peak, 
to  use  the  highest  peak  as  the  reading.  Since 
the  dielectric  constant  changes  Blightly,  the 
highest  peak  changes  the  most. 

Another  remedy  is  to  design  a  better  an¬ 
tenna.  For  1-in.  disks,  best  results  were 
achieved  by  sharpening  the  ends  of  the  open 
waveguide,  as  shown  in  Fig.  6-14.  This  min¬ 
imizes  the  ground-plane  effect. 

A  third  remedy  is  to  increase  the  sweep  speed 
and  filter  out  the  modulating  peaks  with  a 
large  capacitance  across  the  ratiometer  out¬ 
put,  This  results  in  a  smoother  curve,  but  accu¬ 
racy  is  not  as  good. 

A  fourth  remedy  is  to  use  well-matched  di¬ 
rectional  couplers  and  detectors. 

In  applying  reflectometer  measurements  di¬ 
rectly  to  radomes,  other  complications  arise. 
The  spot  covered  by  the  waveguide  horn  ex¬ 
cites  a  trapped  wave  in  the  radome  wall  that. 


355 


moves  parallel  to  the  electric  field  at  the  spot. 
This  wave  circulates  around  the  radome  wall 
and  returns  to  the  spot  to  nffect  the  measure¬ 
ment;  therefore,  the  thickness  of  the  entire 
radome  wall  and  variations  of  this  thickness 
enter  into  the  measurements.  Thus,  measure¬ 
ments  must  be  made  at  that  stage  in  radome 
production  when  the  thickness  Is  constant  or 
nearly  so.  Unfortunately,  at  this  stage  the  ra¬ 
dome  wall  is  likely  to  be  a  half-wave  instead 
of  an  odd  multiple  of  quarter  waves  in  the  fre¬ 
quency  band  at  which  the  radome  is  to  be 
used.  Consequently,  it  is  necessary  to  make  the 
measurement  at  frequency  bands  immediately 
below  or  above  the  band  at  which  the  radome 
is  to  be  a  half-wave.  Due  to  lack  of  instrumen¬ 
tation,  this  is  yet  to  be  tried. 

In  radome  measurements,  the  antenna  horn 
can  be  placed  into  intimate  contact  with  the 
radome  wall  or  at  a  fixed  distance  from  it.  If 
placed  in  contact  with  the  wall,  it  is  important 
to  have  good  coupling  with  the  curved  surface. 
This  was  obtained  by  using  a  horn  with  spring 
fingers,  as  shown  in  Fig.  5-15. 

Loss  tangent  will  affect  the  power  reflection 


Flguro  5-14.  Modified  Indt  of  Wavoguldo 


coefficient  at  the  quarter-wave  frequency.  How¬ 
ever,  if  it  is  low  and  relatively  constant,  as 
with  ceramics,  its  effect  can  be  neglected  in  the 
niiAlitv  onntrni  dielectric  constant  measure¬ 
ments  on  the  same  material. 

The  microwave  rcflectometer  can  be  adapted 
to  read  the  ioss  tangent  directly.  This  is  done 
by  working  with  the  power  transmission  coeffi¬ 
cient  instead  of  the  power  reflection  coefficient. 
As  seen  in  Fig.  6-16,  the  peak  of  the  power 
transmission  curve  at  the  half-wave  frequency 
departs  linearly  from  unity  as  a  function  of  loss 
tangent.  If  loss  tangent  standards  are  provided 
with  two  different  loss  tangents  near  the  un¬ 
knowns  and  with  approximately  the  same  di¬ 
electric  constant,  the  loss  tangent  can  be  read 
directly.  For  manufacture  of  microwave  ab¬ 
sorbers,  it  is  expected  this  this  feature  would 
be  attractive.  The  adapting  horiiB  permitting 
this  measurement  with  the  reflectomcter  in¬ 
strumentation  are  shown  in  Fig.  6-17. 

The  correlation  of  dielectric  constant  read¬ 
ings  with  the  shorted  waveguide  dielectrometer 
readings  is,  at  the  worst,  about  ±0.06.  This 
can  be  improved  upon  by  providing  samples 


Figure  5-15.  Horn  with  Spring  Flngon 
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Figure  5-16.  Quarter-Wave  Peake  of  Power  Transmission  Coefficient 

that  are  mechanically  perfect.  Mechanical  im¬ 
perfections  in  the  samples  appear  to  have  con¬ 
siderably  more  effect  on  the  shorted  waveguide 
dielectrometer  readings  than  on  the  reflectom- 
eter  readings. 

There  is  no  difficulty  in  reading  dielectric 
constant  values  to  three  significant  figures  for 
dielectric  constants  about  6. 

Measurement  is  rapid,  since  the  sample  need 
not  be  inserted  into  a  waveguide  or  cavity,  and 
the  reading  is  direct,  requiring  no  computation. 

There  are  Improvements  that  would  still  fur¬ 
ther  Improve  the  usefulness  of  the  instrument. 

A  better  antenna  or  means  of  coupling  to  a 
small  Bample  could  be  designated  to  eliminate 
multiplicity  of  peaks.  By  cooling  'the  end  of 
the  waveguide  with  a  water  jacket,  the  method 
has  already  been  applied  successfully  to  read 
dielectric  constants  at  up  to  1000°C. 

5-4.7  EMERSON  AND  CUMING,  INC.— THE  ECCO 
INTERFEROMETER 

The  Ecco  Interferometer  circuitry  is  similar 
to  that  of  microwave  interferometers  that  have 
been  used  to  check  radonies  in  the  past.  The 
principal  innovation  in  the  Ecco  Interferometer 
is  the  Ecco  Interferometer  Tables  used  in  con¬ 
junction  with  it.  These  tables  permit  the  rigor- 


Figure  5-17.  Adapter  Uted  for  Lou  Tangent 
Measurement s 
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ous  conversion  of  the  insertion  and  insertion 
phase  into  the  dielectric  constant  and  loss  tan¬ 
gent.,  without  resorting  to  the  approximations 
of  BrewBter  angle  measurements,  as  has  been 
past  practice.  Thus,  the  measurements  can  be 
made  at  perpendicular  polarization  with  the 
electric  field  in  the  plane  of  the  sample,  which  is 
more  desirable.  To  date,  Brewster  angle  meas¬ 
urements  using  parallel  polarization  have  not 
been  checked  on  curved  radomes.  However, 
they  have  been  used  successfully  on  flat  sheets. 

For  a  detailed  descrjjption  of  the  operation 
o?  the  interferometer  and  use  of  the  Inter¬ 
ferometer  Tables  and  Dielectric  Standards,  re¬ 
fer  to  technical  bulletins  published  by  Emerson 
and  Cuming  (References  8,  9,  and  10). 


5-5  TECHNIQUES  FOR  ELECTRICAL  TESTING 
OF  RADOMES  AND  PANELS  AT 
ELEVATED  TEMPERATURES 

The  principal  difficulty  in  the  testing  of  ra¬ 
domes  and  panels  at  elevated  temperatures 
is  the  attainment  of  the  high  temperature 
throughout  the  thickness  of  the  panel. 

There  are  two  types  of  tests  that  are  appro¬ 
priate  to  consider: 

1.  The  first  is  testing  at  elevated  tempera¬ 
tures  in  the  attempt  to  simulate  the  heat¬ 
ing  of  the  radome  or  panel  in  a  manner 
that  would  typify  a  given  flight  contour. 
In  this  type  of  testing,  a  thermal  gradient 
is  intentionally  established  in  the  radome 
or  panel  through  its  thickness.  If  the  com¬ 
plex  dielectric  constant  of  the  radome  or 
panel  varies  with  temperature,  the  dielec¬ 
tric  wall  will  no  longer  be  homogeneous. 
Thus,  any  attempt  to  convert  the  inser¬ 
tion  Iobs  and  insertion  phase  into  the 
dielectric  constant  and  loss  tangent  would 
be  subject  to  error.  The  only  meaningful 
application  of  this  type  of  testing  is  the 
measure  of  the  effect  on  transmitted  or 
reflected  power  or  the  effect  on  bore- 
sight  error  due  to  the  heating. 

2.  The  second  type  of  testing  is  done  at 
elevated  temperatures  to  measure  the 
temperature  coefficients  of  dielectric  con¬ 
stant  and  loss  tangent.  Most  of  this  type 
of  testing  is  now  done  with  cavity  or 
waveguide  type  dielectrometers,  as  dis¬ 
cussed  in  Paragraph  5-6;  it  can  also  be 
done  using  radomes  and  panels.  Measur¬ 


ing  the  temperature  coefficients  in  this 
manner  has  the  advantage  of  eliminating 
the  complications  of  sample  clearance 
variation  uue  to  uinoienLiul  expansion 
between  metal  and  sample  as  experienced 
in  waveguide  and  cavity  measurements. 
In  addition,  this  approach  makes  it  pos¬ 
sible  to  make  measurements  all  the  way 
to  the  decomposition  or  melting  tempera¬ 
tures  of  the  dielectric  material',  which 
would  not  be  possible  in  waveguides  or 
cavities  without  damaging  the  equipment. 
On  the  other  hand,  since  this  is  u  free- 
space  measurement,  i.e,,  an  interferom¬ 
eter  or  reflectometer  measurement,  con¬ 
siderable  care  must  be  taken  to  avoid 
other  sources  of  error.  For  example,  with 
the  large  panel,  it  is  more  difficult  to 
ensure  uniform  temperature  throughout 
a  given  inspection  zone,  As  another  exam¬ 
ple,  care  must  be  taken  so  that  undesired 
microwave  energy  reflections  from  heat¬ 
ing  elements  or  furnace  walls  do  not 
affect  the  accuracy  of  measurement. 

5-5.1  THE  BOEING  CO.— X-BAND  HIGH- 
TEMPERATURE  TRANSMISSION  GAGE 

Reference  11  describes  how  heating  a  panel 
affects  the  electrical  power  transmission  coeffi¬ 
cient  that  is  measured.  The  behavior  of  dielec¬ 
tric  materials  at  high  temperatures  using  a 
high-temperature  transmission  gage  was 
studied,  and  the  following  paragraphs  are  from 
this  reference. 

5-5.1 .1  X-Bond  High-Temperature  Transmiiilon  Gage 

A  high-temperature  transmission  gage  was 
used  to  measure  the  power  transmission  char¬ 
acteristics  of  the  test  materials  (see  Figs.  5-18 
and  5-19) .  Temperature  and  attenuation  meas¬ 
urements  were  made  as  heat  was  applied  and 
the  surface  temperature  wus  increased;  these 
measurements  were  continued  as  the  material 
underwent  ablation. 

Basically,  the  transmission  gage  consists  of 
a  large  water-cooled  steel  chamber  with  the 
inside  lined  by  a  silicon  carbide  refractory 
microwave  absorber.  A  12  X  12  in.  test  panel 
of  the  material  under  investigation  is  heated 
by  a  radiant  heat  source  consisting  of  thirty- 
seven  1500-watt  quartz  glass  lamps  in  a  con- 
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Figure  5-18.  High-Temperature  Tramminlon  Gage 


figuration  16  In,  wide  and  18.6  in.  high.  Maxi- 
mum  heat  flux  radiated  from  this  source  is 
approximately  20  to  26  Btu/ft--sec.  The  test 
panel  is  located  9  in,  from  the  lamp  reflector. 
The  test  panel  surface  temperature  is  moni¬ 
tored  by  thermocouples  located  at  various 
points  on  the  heated  side  of  the  panel,  from 
which  a  mean  surface  temperature  is  obtained. 
The  power  transmission  through  the  test  panel 
is  monitored  by  a  pair  of  platinum  coated 
ceramic,  conical  horn  antennas.  The  horn  an¬ 
tennas  are  parallel-polarized  and  the  angle  of 
incidence  at  the  material  surface  is  60°,  approx¬ 
imately  Brewster  angle  for  the  materials  tested. 
With  this  configuration,  reflections  are  min¬ 
imized  and  the  losses  encountered  are  due  pri¬ 
marily  to  the  absorption  properties  of  the  test 
material. 

By  comparative  measurements  with  and 
without  the  test  panel  in  place,  the  power  atten¬ 
uation  as  a  function  of  sample  surface  tem¬ 


perature  and  exposure  time  was  measured.  (See 
Paragraph  G-5.5.) 


5-5. 1.2  Emerson  and  Cuming,  Inc. — High- 
Temperature  Reflectometer 

Measurements  of  the  effect  of  high  temper! 
tures,  up  to  2000"F,  on  lossy  dielectrics  use 
in  high-temperatu  e  microwave  absorbers  hav 
been  made  at  Emerson  and  Cuming,  Inc.  Fij 
ure  5-20  shows  the  test  instrument,  whic 
measures  the  power  reflection  coefficient  a 
normal  incidence.  Energy  is  introduced  into  th 
furnace  by  means  of  a  water-cooled,  standar 
gain  horn,  which  serves  both  as  the  transmitte 
and  receiver  of  the  reflected  energy.  The  men. 
urement  is  of  the  substitution  type;  that  is,  th 
power  reflected  from  the  sample  is  comparei 
with  the  power  reflected  from  a  standard  meta 
plate. 


Normal 


PART  H — MATERIAL  TESTING  AT  VERY  HIGH  TEMPERATURES 
I2000°F  TO  4000°F) 


5-6  INTRODUCTION 

5-6.1  NEED  FOR  HIGH-TEMPERATURE  DATA 

The  dielectric  properties  of  many  materials 
have  been  measured  at  temperatures  of  1800°F 
to  2000°F.  As  the  speeds  of  aircraft  and  mis¬ 
siles  have  increased,  the  temperatures  experi¬ 
enced  by  the  radome  have  frequently  exceeded 
2000°F  and  the  need  for  accurate  dielectric 
property  information  has  required  improved 
measurement  techniques.  In  many  current  ve- 
hide  flight  profiles,  the  transient  heating  of 
radomes  is  sufficiently  serious  to  require  calcu¬ 
lation  of  the  radome  wall  characteristics  during 
heating.  This  requires  knowledge  of  the  tem¬ 
perature  profile  and  the  electrical  character¬ 
istics  vs.  temperature  of  the  radome  material, 

Thermal  shock  and  mechanical  stresses  dur¬ 
ing  transient  heating  must  also  be  considered 
in  the  aerothermoelastic  study  and  comprehen¬ 
sive  mechanical  and  thermal  property  data  are 
required.  While  measurement  of  these  proper¬ 
ties  for  dielectric  materials  presents  a  broad 
spectrum  of  measurement  problems,  only  the 
electrical  measurements  are  considered. 

Hypervelocity,  low-level  vehicles,  boost  glide 
vehicles,  and  all  types  of  ballistic  or  reentry 
vehicles  experience  severe  aerodynamic  heat¬ 
ing  in  traversing  the  dense  atmosphere  at  high 
velocity.  In  all  of  these  vehicles,  the  leading 
edge,  nose,  or  front  surface  area  experiences 
the  most  severe  heating.  In  many  designs,  radar 
antennas  must  have  an  unobstructed  view  in 
the  direction  of  travel  and  this  inevitably  re¬ 
quires  placement  of  the  radome  in  an  area 
of  the  greatest  heating  and  hence  the  most 
severe  thermal  problem  area.  The  use  of  rein¬ 
forced  organic  plastic  radomes  for  these  appli¬ 
cations  has  given  way  to  inorganic  materials 


of  the  ceramic,  recrystallized  glass,  and  glass 
types  because  of  improved  high-temperature 
electrical  properties. 

5-6.2  TYPES  OF  MATERIALS  USEFUL  IN  THE 
2000*F  TO  4000* F  RANGE* 

The  materials  most  useful  in  high-temperH- 
ture  radome  applications  may  be  classified  as 
follows : 

1.  Oxide  ceramics 

2.  Refractory  glasses 

3.  Recrystallizcd  glasses 

4.  Nonoxide  ceramics  (such  as  BN  and 
SiaN<) 

5-6.2. 1  Oxld*  Ceramics 

Of  the  polycrystalline  oxide  ceramics  that 
have  been  used  for  radome  applications,  the 
greatest  emphasis  has  been  placed  on  aluminum 
oxide  base  materials.  Satisfactory  performance 
to  3000°F  has  been  demonstrated,  but  thermal 
shock  remains  a  problem.  The  use  of  alumina 
at  temperatures  above  8200°  is  questionable 
based  on  recent  electrical  data,  but  the  wide 
variation  in  electrical  properties  with  compo¬ 
sition  requires  consideration  of  specific  com¬ 
positions.  Beryliia  has  the  advantage  of  lower 
density  and  higher  thermal  conductivity  than 
alumina,  but  has  the  problems  of  cost,  toxicity, 
and  limited  availability.  Magnesia  deserves  fur¬ 
ther  consideration  on  the  basis  of  published 
information.  Magnesium  aluminate  spinel 
(MgAhCh)  also  has  electrical  properties  that 
deserve  further  consideration  for  high-tem¬ 
perature  applications. 


*  Sue  Pwregraph  4-2. 
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5-6. 2. 2  Refractory  Glass 

High-purity  silica  has  excellent  electrical  per¬ 
formance  up  to  2550JF  and  deserves  considera¬ 
tion  as  a  thermal  shock  resistant  radome  ma¬ 
terial,  Small  concentrations  of  impurities,  how¬ 
ever,  markedly  change  the  high-temperature 
properties. 

5-6.2. 3  Recrystullixod  Glass  (Py roc# ram) 

Of  the  commercially  available  materials, 
Pyrocernm  is  a  sole  representative.  The  use¬ 
ful  temperature  range  of  Pyroceram  bridges 
the  gap  between  reinforced  plastics  and  the 
oxide  ceramics. 

V 

5-6. 2. 4  Nonoxide  Ceramics  (BN,  Si:,N,) 

Several  nonoxide  ceramics  exhibit  dielectric 
characteristics.  While  not  yet  applied  to  ra~ 
domes,  these  .materials  deserve  consideration 
for  future  vehicles. 


5-6.3  GENERAL  DIELECTRIC  BEHAVIOR  OF 
MATERIALS  AT  HIGH  TEMPERATURES 

Extensive  treatments  on  the  behavior  of  di¬ 
electric  materials  are  presented  in  References 
12  through  14,  and  the  behavior  of  radome  ma¬ 
terials  is  covered  in  Chapter  4.  Only  a  brief 
discussion  of  microwave  dielectrics  at  high 
temperatures  is  possible,  since  there  remain 
broad  gaps  in  the  data  on  their  behavior. 

For  most  materials,  the  sources  of  loss  are 
given  a  general  description  by  using  the  com¬ 
plex  permittivity  e*,  where 

«*  =  «'  —  jc"  (5-fl) 

and  a  corresponding  dielectric  constant 

k*^k'-jk"  (5-10) 

Ip  describing  the  material  thus,  k"  is  the 
dielectric  loss  factor  and 

tan  8  —  k" 'k'  g  (5-11) 

It  can  be  seen  that  the  power  factor,  cos  9  =  sin 
6,  and  hence  for  low-loss  materials  the  power 
factor,  cos  9  or  sin  8,  is  equivalent  to  the  loss 
tangent,  tan  6,  since  tan  S  =-  sin  8  for  small 
values  of  8.  Some  confusion  in  loss  factor 
(k"),  loss  tangent  (k"/'k'),  and  power  factor 


[k'7  exists  because  of  notation 

differences  and  the  approximations  often  used. 

The  polarizability,  a;„  of  a  dielectric  material 
is  thus  related  to  its  dieleemc  constant,  k',  by 
the  classical  Clausius-Most  :  equation.  Struc¬ 
tural  interpretation  of  dielectric  data  attempts 
to  relate  the  k'  of  a  material  to  the  polariza¬ 
bility,  a,„  of  its  molecules.  Four  mechanisms 
can  contribute  to  molecular  polarizability,  a. 

a,,  =  a,. -f- a,  +  aa  4- «,  (6-12) 

where  a„  —  atomic  polarizability  (requires 
about  10~11!  to  10~M  sec) 

«j  =  dipole  orientation  polarizability 
(requires  about  10-'1  sec  or 
longer) 

a,  —  electronic  polarizability  (requires 
about  10~ 10  sec) 

a,  —  interfacial  or  space  charge  polar¬ 
izability  (may  require  10-  sec) 

Dielectric  relaxation  is  the  exponential  decay 
of  polarization  after  removal  of  the  applied 
field.  This  relaxation  causes  dispersion  in  which 
the  dielectric  constant  decreases  with  increas¬ 
ing  frequency,  as  shown  in  Fig.  6-21.  As  dis¬ 
persion  in  k'  occurs,  loss  k",  due  to  relaxation, 
reaches  a  maximum.  Reference  15  presents  the 
theory  of  this  phenomenon  to  explain  internal 
molecular  structure.  Extensive  treatments  of 
structural  interpretation  techniques  are  pre¬ 
sented  in  References  12  to  14. 

In  ionic  solids,  which  represent  the  major 
dielectric  materials  of  interest  at  high  tempera¬ 
tures,  the  contribution  of  a„  atomic  polariza- 


FWEQUENCY tCPS) 

Figure  5-21 .  Dielectric  Dispersion  and  Absorption 
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TEMPERATURE  (°C) 


figure  5-22.  Dielectric  Constant  vs  Temperature  for 
Selected  Dielectric  Materials 


bility,  are  usually  more  important  than  a,.,  elec¬ 
tronic  polarizability. 

Increasing  temperatures  tend  to  decrease  k', 
since  the  number  of  molecules  per  unit  volume 
is  decreasing.  However,  since  the  ions  are  sep¬ 
arated  more,  their  atomic  polarizability,  a„ 
increases  and  this  effect  is  usually  several  times 
that  due  to  reduction  of  the  density. 

Since  the  measurement  frequencies  custom¬ 
arily  used  are  far  below  the  resonant  frequen¬ 
cies  for  electronic  motion  or  ionic  motion,  the 
losses  of  ionic  crystals  vary  little  with  fre¬ 
quency.  However,  the  presence  of  appreciable 
d-c  conductance  or  the  increased  electronic  con¬ 
ductance  at  high  temperatures  will  increase  the 
loss  of  most  materials. 

Researchers  disagree  on  the  effect  of  lattice 
defects  on  loss  behavior  of  single  crystals, 
Small  loss  maxima  attributed  to  the  jumping 
of  the  positive  ion  in  alkali  halides  has  been 
reported  in  Reference  16  and  differences  in  loss 
behavior  of  polycrystalline  alumina  and  sap¬ 
phire  single  crystal  reveal  grain  boundary  ef¬ 
fects.  In  examining  high-temperature  dielectric 
loss  data,  Reference  17  concludes  that  low-fre¬ 
quency  transconductance  accounts  for  only  1/10 
to  1/6  of  the  microwave  loss,  but  that  impuri¬ 
ties  (and  their  associated  dislocations  and  lat¬ 
tice  imperfections)  that  cause  charge  transfer 
at  low  frequencies  also  extend  the  infrared 
vibrational  losses  to  lower  frequencies. 

The  performance  of  typical  dielect-ic  ma¬ 
terials  at  high  temperatures  is  shown  in  Figs, 
5-22  and  6-23.  The  purity  of  the  samples,  sur¬ 
face  contamination,  and  stoichiometry  largely 


determine  the  exact  shape  of  the  curves.  Small 


matrix  may  be  much  less  evident  in  high-tem¬ 
perature  dielectric  measurements  at  micro- 
wave  frequencies  than  impurities  that  slightly 
increase  the  electronic  conductivity.  Pure  boron 
nitride,  BN,  probably  has  better  properties 
than  3hown  in  Fig.  6-23,  but  the  small  B:.Oa 
impurity  rapidly  increases  the  loss  above 
1100°C.  Most  samples  exhibit  a  decrease  in 
loss  above  lOO^C  and  this  may  be  interpreted 
as  the  contribution  of  adsorbed  moisture  on  the 
surface. 


Samples  of  high-purity  alumina,  beryllia,  and 
magnesia  have  shown  useful  dielectric  proper¬ 
ties  at  1660°C.  The  loss  is  sufficiently  low 
( <0.06)  to  justify  their  use  at  these  tempera¬ 
tures;  however,  the  loss  is  increasing  at  such 
a  rate  as  to  make  higher  operating  tempera¬ 
tures  questionable,  unless  extreme  care  is  taken 
in  reducing  impurity  levels  even  further. 

Single  crystal  samples  have  not  been  care¬ 
fully  studied  at  high  temperatures.  For  aniso¬ 
tropic  crystals,  such  as  alumina,  there  is  often 
difficulty  in  obtaining  measurements  with  the 
electric  field  in  any  direction  other  than  the 
“easy”  direction  of  polarization.  Other  than 
the  desired  field  configuration  may  be  excited 
within  the  sample  and  the  energy  absorbed  by 
these  fields  appears  as  extraneous  loss  peaks  at 
some  temperature  at  which  the  geometry  is 
favorable,  T1  r  isotropic  materials,  measure¬ 
ments  ara  in  a  reliable.  In  addition,  optical- 
quality  silica  glass  is  a  good  standard  sample 
material  for  comparative  measurements,  since 
its  optical  index  of  refraction  may  readily  be 
rechecked  and  stria,  or  inclusions,  observed. 


TEMPERATURE  1*0 


figure  5-23.  Ion  Tangent  vt  Temperature  lor 
Selected  Dielectric  Materials 


363 


5-6.4  PROBLEMS  ASSOCIATED  WITH  HIGH- 

TEMPBtATURE  DiaECTRIC  MEASUREMENTS 

Most  cf  the  discussion  in  this  chapter  is  re¬ 
lated  to  electrical  measurement  techniques. 
However,  the  generation,  control,  and  measure¬ 
ment  of  high  temperatures  is  a  serious  con¬ 
sideration.  Electrical  resistance  furnaces  are 
useful  up  to  3000 "F  (in  air)  and  represent  sim¬ 
ple,  clean,  and  controllable  heat  sources.  Above 
3000°F,  the  use  of  an  inert  atmosjphere  or  a 
vacuum  is  almost  essential  if  resistance  heating 
is  used.  Also,  the  pyrometry  is  considerably 
more  difficult. 

With  the  increased  temperature  range  of  the 
measurements,  the  physical  stability  of  the 
sample  and  the  measurement  apparatus  is  an 
important  consideration.  The  measurement  of 
electrical  characteristics  at  microwave  fre¬ 
quencies  ultimately  depends  on  determining 
certain  physical  dimensions  in  a  resonant  sys¬ 
tem,  and  the  mechanical  stability  of  the  system 
limits  the  precision  or  reproducibility  of  the 
electrical  measurements.  The  stability  of  the 
construction  materials  in  high-temperature  sys¬ 
tems  is  of  particular  concern,  since  most  of  the 
materials  with  which  designers  are  familiar  are 
not  applicable  above  2000°F.  Diffusion,  oxida¬ 
tion,  recrystallization,  and  interactions  in  ma¬ 
terials  used  in  apparatus  construction  limit 
their  ultimate  temperature  and  useful  life. 

The  effect  ol'  atmosphere  on  the  sample  dur¬ 
ing  heating  and  measurement,  and  the  effects 
of  atmosphere  on  the  measurements  at  high 
temperatures  have  received  only  minor  atten¬ 
tion. 

5-7  DIELECTRIC  MEASUREMENT 
TECHNIQUES 

5-7.1  GENERAL 

Considerably  different  problems  are  encoun¬ 
tered  in  measurements  made  at  1  gc  compared 
to  those  made  at  40  gc.  The  requirements  for 
each  frequency  must  be  considered  separately. 
For  convenience,  the  frequencies  are  in  three 
regions:  1  to  5  gc,  5  to  15  gc,  and  above  15  gc. 

5-7.1. 1  Tit*  l-to5-Gc  Region 

In  the  1-  to  5-gc  region,  the  sample  size  re¬ 


quirements  and  cavity  dimensions  for  high- 
temperature  measurements  are  inconveniently 
large.  For  example,  the  use  of  TKt„:„  at  J  gc 
requires  a  cavity  25  cm  in  diameter  and  .5  cm 
high.  However,  the  physical  dimensions  of  the 
sample  and  the  cavity  can  lx:  readily  determined 
to  sufficient  accuracy  in  the  frequency  region. 
Coaxial  line  techniques  are  also  popular  in  the 
frequency  range,  despite  certain  inherent  me¬ 
chanical  problems. 

5-7.1. 2  Th*  5-  ID  15-Gc  Region 

In  the  5-  to  15-gc  region,  both  sample  and 
cavity  are  of  a  convenient  size,  While  wave¬ 
guide  and  cavity  techniques  are  easily  applied, 
frec-space  techniques  are  useful  for  plates  that 
are  several  inches  in  diameter.  In  addition,  the 
availability  of  many  commercial  components 
allows  rapid  assembly  of  measurement  equip¬ 
ment. 

5  7.1 .3  The  Region  Above  1 5  Gc 

Above  15  gc,  the  sample  size  requirements 
for  cavity  or  waveguide  techniques  become  in¬ 
conveniently  small,  but  usable  to  perhaps  50  gc. 
Free-space  techniques,  using  interferometry  or 
direct  phase  delay  and  attenuation  measure¬ 
ments,  become  more  convenient  and  the  re¬ 
quired  plate  sample  is  only  several  inches  in 
diameter. 

5-7. 1.4  Construction  Materials  for  Specialized 
Equipment 

The  greatest  difficulty  in  assembling  micro- 
wave  equipment  for  measurement  of  electrical 
characteristics  above  2000 "F  is  the  choice  of 
materials  for  constructing  cavity,  waveguide, 
and  horn  equipment  that  must  be  subjected  to 
the  high  temperatures.  All  base  metal  (nickel, 
chromium,  cobalt,  or  iron)  alloys  capable  of 
withstanding  temperatures  above  2000 ''F  for 
extended  periods  have  high  electrical  resistivity 
and  form  undesirable  oxide  films.  Operation  of 
base  metals  above  2400"F  is  impractical  and 
attempts  to  clad  or  plate  these  metals  with 
platinum  or  other  noble  metals  have  been  gen¬ 
erally  unsatisfactory. 

Three  other  approaches  to  waveguide  or 
cavity  materials  have  been  used:  (1)  refractory 
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metals,  such  as  molybdenum  or  tungsten,  have 
been  used  in  an  inert  atmosphere  (Reference 
18)  ;  (2)  platinum  metal  alloys  (Reference 
15}  ,  ami  (5)  metal  cuatcu  ceramics  (Reference 
20).  In  general,  the  latter  two  are  limited  to 
3000°F.  Platinum-10  %  rhodium  alloy  wave¬ 
guide  has  been  produced  in  a  number  of  stand¬ 
ard  sizes  for  8-  to  40-gc  operation  and  is  easily 
welded,  joined,  and  maintained  in  normal  heat¬ 
ing  (Reference  21).  * 

Refractory  metal  technology  has  advanced 
rapidly  as  improved  welding  techniques  and 
improved  alloys  have  become  available.  These 
metals  are  a  good  choice  for  large,  low-fre¬ 
quency  assemblies,  or  for  cylindrical  cavity  de¬ 
signs. 

While  platinum-coated  aluminum  oxide  has 
been  used  for  waveguide  and  cavity  construc¬ 
tion,  its  fabrication  cost  is  difficult  to  justify. 

Specialized  equipment  required  for  dielectric 
measurements  often  includes  a  precise  slotted- 
line  assembly.  Most  commercial  slotted-line  car¬ 
riages  do  not  provide  adequate  stability,  repro¬ 
ducibility  of  setting,  and  readability  of  probe 
position  to  make  adequate  vswr  measurements. 
Careful  modification  of  a  carriage  is  often  re¬ 
quired  to  ensure  mechanical  rigidity  and  to 
add  a  dial  gage  or  micrometer  traverse  meas¬ 
urement. 

5-7.2  LABORATORY  EQUIPMENT 

High-temperat.ure  dielectric  measurements 
have  been  made  in  the  microwave  region  using 
many  techniques.  For  convenience,  these  tech¬ 
niques  are  grouped  into:  (1)  coaxial  tech¬ 
niques,  (2)  cavity  measurement  techniques, 


(3)  waveguide  techniques,  and  (4)  free-space 
(interferometer)  techniques.  A  discussion  of 
each  technique,  including  basic  procedure,  is 
found  in  itm  following  paragraphs. 

«■»*>!  r - i_i  t_ -i — j - 

A  common  technique  for  dielectric  measure¬ 
ments  below  5000  me  is  the  coaxial  line  tech¬ 
nique  (Reference  22).  By  fitting  a  measuring 
line  with  a  suitable  extension  of  platinum-1 0% 
rhodium  alloy,  or  other  high-temperature  alloy, 
the  specimen  may  be  heated  and  measured 
simultaneously.  The  greatest  disadvantage  of 
this  technique  is  that  small  gaps  between  the 
sample  and  the  conductors  may  cause  large 
errors.  Other  errors  include :  ( 1 )  the  changing 
gap  between  the  inner  and  outer  conductors  and 
the  sample’s  inside  and  outside  dimensions  with 
temperature  and  (2)  the  concentricity  of  the 
central  conductor  in  the  line,  since  central  con¬ 
ductor  supports  are  minimized  to  reduce  errors 
in  the  measured  parameters.  Accuracy  is  large¬ 
ly  limited  by  sample  fit,  and  the  sample  fabri¬ 
cation  for  many  ceramic  BpecimenB  is  difficult 
and  expensive. 

A  commercial  measuring  line  made  by  Gen¬ 
eral  Radio  Corp.  and  fitted  with  a  36-cm  exten¬ 
sion  of  platinum-1 0%  rhodium  tubing  with  di¬ 
mensions  comparable  to  those  of  the  measuring 
line  is  shown  in  Fij'.  5-24.  A  stable  variable- 
frequency  source,  frequency  meter,  and  vswr 
meter  complete  the  required  eleetrical  measur¬ 
ing  equipment,  as  shown  in  Fig.  6-26.  A  short 
water-cooiing  sleeve  between  the  furnace  and 
the  slotted  section  is  generally  required  to  pre¬ 
vent  overheating.  A  simplified  calculation  is 


Figure  5-24.  Coaxial  Oitlmdric  Moaturing  Lino  Modified  for  High  Temperature 
Measurement!  by  Adding  length  of  Plulinum  Alloy  Tubing 
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possible  (Reference  22)  if  the  measurement 
frequency  is  adjusted  so  that  the  first  voltage 
minimum  falls  just  at  the  face  of  the  sample. 
The  probe  actually  measures  the  position  of  the 
minimum  X/2  from  the  face  of  the  specimen, 
so  that  the  position  of  the  sample  face  must  be 
calculated  for  each  temperature.  Since  the  fre¬ 
quency  at  which  tho  sample  length  is  X/4 
changes  with  temperature  (resonant  frequency 
generally  decreases  with  temperature)  and  the 
sample  face  position  changes  slightly  with  the 
thermal  expansion,  several  trials  at  each  tem¬ 
perature  are  usually  required  before  the  exact 
frequency  is  determined.  Loss  is  determined  by 
measurement  of  the  width  of  the  vswr  minima 
at  points  10  db  from  the  minimum. 

The  calculation  of  k'  and  tan  8  is  as  follows 
(Reference  22) : 


where 


■ ,  _  NX,,  0.46 

K  ~  4  (d  +  Xo)  ~  l 


(5-13) 


N  =  odd  integer 

X0  =  distance  of  first  minimum  from 
sample  face  >1.0  mm;  <2.0  rnm 
d  =  length  of  sample 
Xo  =  wavelength  in  free  space 


*  *  AX  AX'  ..... 

tan8“  3(d  +  X)  ~~Sl  (5‘14) 


where  AX  =  node  width  at  the  10-db  point 
with  sample 

AX'  =  node  width  at  the  10-db  point 
without  sample 

l  —  distance  from  node  to  open  end 
of  line 


Sample  fit  corrections  are  important  in  this 
measuring  technique  since  a  25-micron  gap 
around  a  sample  of  k'  —  emise  more  than 

a  6%  error  in  k'.  Charts  for  correction  of  k'  for 
sample  fit  up  to  k'  =  7.5  have  been  published 
by  von  Hippei.  For  high-temperature  measure¬ 
ments,  thermal  expansion  corrections  for  sam¬ 
ple  length  and  sample  clearance  must  be  made. 
An  accuracy  better  than  ±2%  in  dielectric 
constant  and  ±5%  +  0.0001  in  loss  is  difficult 
to  achieve,  but  good  indications  of  relative 
changes  in  dielectric  properties  are  possible  by 
this  method  in  the  1000-  to  6000-mc  range, 

The  exact  solution  of  the  equations  for  co¬ 
axial  line  measurements  with  X/4  samples  and 
for  other  length  samples  is  presented  in  Refer¬ 
ences  23  and  24. 

Other  dielectrometers,  such  as  the  Central 
Research  Laboratory  model  (Fig.  5-26),  use  a 
coaxial  sample  holder,  and  provide  for  the  re¬ 
quired  vswr  and  node  measurement  with  and 
without  the  specimen,  not  limiting  the  measure¬ 
ment  to  specimen  lengths  thnt  are  electrically 
X/4. 


Figura  5-26.  Commonlal  Dloloctromolor  for  Uto  lo 
500°C  at  1,3,  and  8.5  gc.  Coaxial  Sample  Holder 
U ted  at  Two  Lower  Frequendei  ft  Uiod  without 
Cantor  Conductor  at  Higher  Frequendet 
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Several  variations  of  these  basic  methods  are 
used,  including  a  short-circuited  line,  the  sam¬ 
ple  at  the  line  end  and  displaced  \/4  from  the 
line  end,  and  the  attenuation  and  phase  shift 
through  a  sample  of  known  length.  Generally, 
these  variations  offer  little  advantage  over  the 
techniques  described. 


5-7.2.2  Waveguide  Technique* 

Both  the  circular  waveguide  operating  in  the 
TEn  mode  and  the  rectangular  waveguide  op¬ 
erating  in  the  TEn  mode  are  used  for  high- 
temperature  measurements  of  k'  and  tan  8. 
Reference  26  presents  measurements  based  on 
a  short-circuited  circular  waveguide  with  a  disk 
sample,  whereas  References  26  and  29  present 


measurements  based  on  a  shorted  rectangular 
waveguide  and  a  rectangular  bar  sample,  Refer¬ 
ence  25  describes  circular  waveguides  useful  up 
to  3000  F  for  8.6  to  50  gc  (see  Fig.  6-27).  The 
Central  Research  Laboratory  dielectrometer 
(Fig.  5  26)  usos  a  silver  plated  stainless  steel 
circular  guide  for  measurements  up  to  930°F, 
but  can  be  used  with  some  of  the  waveguides 
in  Fig.  6-27.  Commercial  components  and  a 
platinum  alloy  waveguide  extension  are  capa¬ 
ble  of  measuring  up  to  2910°F  when  equipped 
with  suitable  furnace  equipment,  such  as  shown 
in  Fig.  5-28. 

The  precautions  in  sample  length  selection 
and  the  effects  of  sample  fit  on  measurement 
accuracy  are  discussed  in  Reference  26.  Sam¬ 
ples  that  are  electrically  one-half  wavelength 
simplify  calculation,  but  A/4  or  3  X/4  samples 


NOMINAL  FREQUENCY 

8,6  X  TO9 

1.4  X  1010 

2.4  X  lo'° 

5  X  1010 

A.  INSIDE  LENGTH 

15.0  CM 

7  CM 

5.3  CM 

3,1  CM 

B.  LENGTH  HEATED 

10.0  CM 

(.2  CM 

3.6  CM 

2.4  CM 

C.  LENGTH  OF  NECK 

3.6  CM 

2.1  CM 

1.0  CM 

0.8  CM 

D.  NECK  THICKNESS 

0.030  IN. 

0.012  IN. 

0.010  IN. 

0.008  IN. 

E,  WALL  THICKNESS 

1/8  IN, 

1/8  IN. 

1/16  IN. 

1/16  IN. 

F.  INSIDE  DIAMETER 

1.0  IN. 

5/8  IN. 

3/9  IN, 

11/64  IN. 

Flgor •  5-27.  Sample  Holder  for  1-In.  Dl iks  lo  2 S50°F  with  Pt  Foil,  or  >14 00°C 
with  Pt-Hh  Foil  I Longitudinal  Cron  Section) 
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improve  the  accuracy  of  the  measurement.  Ex¬ 
perience  has  shown  that  for  materials  with 
iosaea  greater  than  2.002,  satisfactory  o>««uiu fo¬ 
ments  can  be  made  on  almost  any  convenient 
Bample  length.  The  advantages  of  a  circular 
waveguide  are  the  sample  symmetry  and  ease  in 
sample  insertion  and  removal.  The  rectangular 
waveguide  provides  a  precisely  known  field  in 
the  sample  and  for  measurement  of  homoge¬ 
neity,  samples  can  often  be  rotated  90°  and 
measured  in  mutually  perpendicular  directions. 

Sample  fit  is  important  in  all  waveguide  tech¬ 
niques,  since  the  clearance  at  the  waveguide 
wall  results  in  a  low  value  of  measured  k'. 
References  26  and  27  present  expressions  for 
correction  of  this  fit  error.  Empirical  tech¬ 
niques  based  on  systematically  removing  ma¬ 
terial  from  a  sample  with  extrapolation  of  the 


resulting  curve  back  to  zero  clearance  appear 
best  (Reference  18),  since  derived  expressions 
are  accurate  for  only  limited  ranges  of  k'. 

The  basic  equations  for  both  circular  and 
rectangular  waveguides  are  equivalent,  differ¬ 
ing  only  in  the  propagation  constants  lor  the 
different  waveguide  dimensions  or  geometry. 
(The  derivation  of  the  equations  is  discussed 
in  Volume  I  of  TR  57-67.)  Only  the  rectangular 
case  will  be  illustrated,  since  rectangular  wave¬ 
guide  and  components  are  more  commonly  avail 
able. 

It  is  customary  to  solve  for  y3,d  in  Eq.  5-15 
by  UBing  tan  X/X  tables  and  to  substitute  for 
/S-d  in  Eq.  5-16. 

.  tan  Z^X./X-  tan/ijd 

-*■ — aST  =-'M~  (  ) 


figure  5-28.  High-Temperature  (1650  ’C)  Shorted  Waveguide  Dieleclromeftr 
for  Operation  Hear  10  gc 
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where  X,>  =  distance  from  sample  face  to  min¬ 
imum  (see  Fig.  5-29) 
x;  —  w?.ve!er.gth  ir  waveguide 


kl  -  (1Ar)a  +  (1/X,)*  1 ’ 

where  K  =  cutoff  wavelength  for  waveguide 

k,'  is  the  uncorrected  value  for  k'  and  must 
later  be  corrected  for  sample  fit. 

X„  is  obtained  from  the  measured  data : 

Xu/A*  =  N/2  -  d/At  -  (X,  -  X.)  A, 

(5-17) 

where  N  =  minimum  positive  integer 
chosen  so  that  X«A*  is  posi¬ 
tive 

Xi  and  X2  ~  as  shown  in  Fig.  5-29 


WITH  SAMPLE- 


[TRAVELING  ) 
1  OETECTCR  J 


WITHOUT  SAMPLt-,\  X, j  jx? 


3  db  LEVEL\ 


-t  - y^U4, 

J  AX* 

—  -1  1— :*c— i  d«  i 


Figure  5-29.  Notation  Utod  in  Shorted  Waveguide 
Calculation* 


Several  values  for  k/  are  possible,  since  the 
tan  X/X  function  is  periodic.  Hence,  it  is  neces¬ 
sary  to  have  some  knowledge  of  the  approxi¬ 
mate  dielectric  constant,  or  to  measure  two 
different  length  samples  to  overcome  this  am¬ 
biguity. 

For  correcting  k/  for  sample  fit,  the  expres¬ 
sions  suggested  in  Reference  18  are  shown  in 
Fig.  5-30.  The  most  critical  experimental 
parameters  in  making  accurate  measurements 
of  k'  are  (1)  filling  the  narrow  dimension  of 
the  waveguide  completely,  (2)  assuring  that 
the  sample  faces  are  perpendicular,  and  (3) 
maintaining  the  sample  against  the  short. 

For  high-temperature  measurements,  the 
dimensions  of  the  waveguide,  the  sample  di¬ 
mensions,  and  the  values  calculated  from  these 
quantities  must  be  corrected  for  changes  in  di¬ 
mensions  with  temperature.  The  thermal  ex¬ 
pansion  of  the  waveguide  and  of  the  sample, 
and  the  ambient  temperature  dimensions  of 


these  quantities  are  used  to  calculate  the  high- 
temperature  dimensions. 

Tlie  calculation  of  loss  tangent  from  the 
shorted  waveguide  data  is  somewhat  simpler 
than  that  for  the  cavity,  though  it,  too,  is  time 
consuming.  This  calculation  is  as  follows: 


tan  8  = 


(AX.  -AX,) 


(F„)  <F„) 


(5-18) 

where  AX.  and  AX,  represent  the  values  for 
the  width  of  the  minima  at  the  3-db  point  with 
and  without  the  sample,  respectively. 

„  (lA^-MlA.)*—  (lAjq/k* 

<1/Xe)*  +  (l/Xg)* 

(5-13) 


tan-  27rXu/> 


1  -f  tan  J  fijd  —  tan 


(5-20) 


In  systematic  calculations,  Fp  and  F,  are 
easily  obtained  from  values  derived  during  the 
calculation  of  k'.  In  cases  where  the  sample 
length  is  electrically  a  multiple  of  one-half 
wavelength,  Fq  becomes  unity. 

For  high-temperature  measurements,  80% 
platinum-20  %  rhodium  alloy  waveguides  can  be 
obtained  in  30-  to  40-cm  lengths  for  the  sample 
cavity.  A  platinum  alloy  short  may  be  welded 
to  one  end  and  a  conventional  flange  brazed  to 
the  other.  The  short  may  also  be  removable, 
but  in  service  to  2910°F  or  above,  removable 
shorts  often  diffusion-bond  to  the  waveguide. 
Sample  insertion  and  removal  with  a  welded 
short  are  often  tedious  if  clearances  are  small, 
and  a  small  electric  vibrating  tool  often  aids 
removal.  A  satisfactory  design  for  the  welded 
short  on  a  standard  8-  to  12-gc  guide  consists 
of  a  weld  along  only  the  wide  dimension  of  the 
guide,  with  a  0.5-mm  gap  left  at  each  edge  (nar¬ 
row  dimension),  through  which  a  steel  shim 
can  be  passed  to  aid  in  removal  of  the  sample. 


IT' 


K’-Kj  Hl  bt/bw)(K;)IK:-l) 
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FOR  I  <  K‘  <  2  6 
FOR  2  6<  K'<  9  2 
FOR  K'  >  5.2 


Figaro  5-30.  Sampfa  Fit  Corrections 
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For  accurate  measurement  of  vswr  and  node 
position,  conventional  slotted  sections  are  in¬ 
adequate  and  must  be  supplemented  with  a 
micrometer  drive  or  dial  gage  capable  of  read¬ 
ing  to  2  microns.  This  usually  involves  only 
simple  modification  of  existing  slotted-line  car¬ 
riages  and  probe  assemblies,  if  the  original 
design  is  mechanically  stable  and  precisely  ma¬ 
chined.  Operation  of  the  slotted  section  in  the 
vertical  plane  over  the  shorted  section  is  de¬ 
sirable.  This  arrangement  allows  the  use  of  a 
vertical-tube  furnace  to  heat  the  sample  and 
assures  that  the  sample  will  remain  in  place 
against  the  short.  Only  minor  supplementary 
air  cooling  of  the  waveguide  outside  the  furnace 
is  usually  required  to  maintain  temperatures  of 
100-120°F  at  the  slotted  section.  For  measure¬ 
ments  above  12  gc,  particular  care  is  needed  to 
maintain  adequate  signal  stability  so  that  accu¬ 
rate  measurements  of  node  shift  can  be  made. 
Extreme  care  also  must  be  used  in  disassembly 
and  reassembly  of  the  waveguide  components 
during  sample  insertion,  or  errors  may  be  in¬ 
troduced  in  the  node  position  measurements. 

5-7. 2.3  Raionant  Cavil!**  for  Uf*  Abov*  5  Oc 

Several  cavity  designs  for  high-temperature 
service  have  been  reported.  The  features  that 


should  be  incorporated  in  a  high-temperature 
cavity  design  are  discussed  briefly  and  a  typical 

ffllrillfltinn  prnr*  pH  ii rn  io  prnaonto^ 

Most  cavity  designs  are  based  on  work  re¬ 
ported  in  References  28  and  29.  These  original 
designs  provide  the  required  equations  and  ex¬ 
perimental  verification  of  the  theory.  Cylin¬ 
drical  cavity  designs  are  operated  almost  ex¬ 
clusively  in  the  TE„i„  mode  for  dielectric  meas¬ 
urements.  This  mode  has  an  absence  of  radial 
currents;  hence,  a  movable  noncontacting 
plunger  may  be  used  as  one  end  of  the  cavity 
cylinder  without  reducing  cavity  Q  or  intro¬ 
ducing  serious  deviations  from  theoretical  be¬ 
havior. 

To  excite  the  TE,ltll  mode,  a  balanced-input 
coupling  to  one  cylinder  end  is  preferred.  An 
Adcock  balanced-Tee  input  (Reference  30)  and 
a  Bleaney  input  coupling  (waveguide)  (Refer¬ 
ence  29)  have  been  used  satisfactorily  with  the 
cavity  fed  through  3lots  or  circular  irises  lo¬ 
cated  radially  on  the  cylinder  diameter  at  the 
point  of  maximum  field.  See  Fig.  5-31.  Refer¬ 
ence  20  presents  dielectric-filled  waveguides  for 
coupling  to  the  cavity  to  reduce  the  size  of  the 
waveguide  and  for  other  mechanical  advan¬ 
tages. 

The  output  coupling  to  a  TE01„  cavity  should 
be  located  approximately  X/4  from  the  top  end 


(B) 

ADCOCK  TFE 


Figaro  5-31.  General  Feature*  of  Rotonant  Cavity  Showing  Methods  of  Inpat 
Coupling;  (A)  Bleaney  Coupler,  IB)  Adcock  Tee 
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v**v 


Figure  5-32.  High-Temperature  (1500°CJ  He»onant  Cavity  Dielectrometer  for 
Operation  near  10  gc 


of  the  cylinder  and  if  it  ia  placed  at  either  46° 
or  90°  from  the  diameter  plane  containing  the 
input  coupling  holes,  either  unwanted  TEaw  or 
TEin,  modes,  respectively,  can  be  suppressed. 
With  careful  balancing  of  the  inputs  and  with 
proper  cavity  design,  responses  to  modes  other 
than  the  TEul,.  mode  can  be  suppressed  more 
than  100  db  at  room  temperature,  and  for  high- 
temperature  cavity  systems,  20-  to  50-db  sup¬ 
pression  of  unwanted  modes  is  common.  Mode 
suppression  is  important  in  cavity  design,  since 
excitation  of  unwanted  modes  removes  power 
from  the  desired  modes  and  this  appears  as  a 
reduction  in  cavity  Q,  hence  producing  ques¬ 
tionable  loss  data. 

Suppression  of  unwanted  modes  is  also  pos¬ 
sible  by  carefully  selecting  cavity  dimensions. 
Most  investigators  have  used  the  TE„u  and 
TE„m  modes,  requiring  a  ruther  long  cavity. 
Operation  in  the  TE„,2  and  TH„n  modes  is  also 
satisfactory,  and  although  this  shorter  cavity 
can  eliminate  the  troublesome  TE^,,  modes,  sev¬ 
eral  other  unwanted  modes  can  occur. 

Cavity  tuning  is  accomplished  by  micrometer 
drives  precise  to  0.005  cm  or  better.  The 
plunger  face  is  moved  by  an  expansion,  a  suit¬ 


able  high-temperature  material,  such  as  silica 
glass  or  alumina  ceramic,  connected  to  the 
micrometer  drive.  For  high-temperature  opera¬ 
tion,  the  arrangement  in  Reference  20  for  sam¬ 
ple  changing  (see  Fig.  5-32)  is  of  particular 
interest,  since  the  cavity  does  not  require  dis¬ 
assembly  to  change  samples.  In  this  design,  the 
cavity  is  constructed  with  a  slot,  at  the  bottom 
end  through  which  a  sample  can  be  inserted 
over  the  plunger.  The  sample  is  then  raised  into 
the  measuring  position  inside  the  cavity  with 
the  micrometer  drive.  Samples  ure  preheated 
before  insertion  and  are  returned  to  the  sample 
rack  after  measurement. 

Cavity  construction  for  high-temporature 
service  requires  the  use  of  dimensionally  stable 
materials.  Silver  plated  Invar  has  been  used 
(Reference  31)  to  500°F;  platinum  coated 
alumina  ceramic  was  used  in  the  design  of 
Reference  20,  but  this  was  later  replaced  with 
a  thin  platinum  cylinder  liner  for  a  ceramic 
tube.  Molybdenum  is  an  electrically  ideal  ma¬ 
terial,  but  requires  the  use  of  a  neutral  or  re¬ 
ducing  atmosphere  during  service  and  is  diffi¬ 
cult  to  fabricate.  Stainless  steels  plated  with 
silver  and  gold  have  been  used  (Reference  31) 
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for  cavities  designed  to  operate  to  930°F,  but 
are  limited  by  the  diffusion  of  the  gold  and 
silver  at  higher  temperatures.  Feed  hardware 
and  output  vOupliuK  fillings  require  similar  con¬ 
sideration. 

The  experimental  procedure  for  cavity  meas¬ 
urements  is  rather  straightforward ;  the  wave¬ 
length  in  the  cavity,  X,/2,  is  measured  by  noting 
the  cavity  length  for  two  successive  modes,  such 
as  TEow  and  TE01S.  The  resonant  length  of  the 
cavity  for  one  of  these  modes  is  then  measured 
with  the  sample  in  place.  This  provides  data 
sufficient  for  calculating  the  dielectric  constant 
Loss  tangent  measurements  require  measure¬ 
ment  of  the  Q  of  the  cavity  with  and  without 
the  sample. 

For  cavity  designs  where  the  sample  is  in¬ 
serted  into  the  cavity  by  disassembly  of  the 
cavity  at  ambient  temperatures,  the  measure¬ 
ment  of  empty  cavity  and  cavity-with-sample 
conditions  as  a  function  of  temperature  intro¬ 
duces  an  obvious  source  of  emir  in  reproduci¬ 
bility.  The  exact  temperature  conditions  under 
which  calibration  dala  were  obtained  must  be 
reproduced  during  the  actual  sample  measure¬ 
ment.  For  the  high-temperature  dielectrometer 
design  (Reference  20),  this  source  of  error  is 
minimized,  since  calibration  and  sample  meas¬ 
urements  can  be  made  only  a  few  minutes  apart 
in  time  and  the  sample  ia  easily  removed  for  a 
check  on  the  original  calibration  without  seri¬ 
ously  disturbing  the  temperature  equilibrium. 

Calculations  are  performed  (Reference  31) 
by  solving  the  following  expression  for  P, : 

tan&d  tan  /3.  (Ma  —  Mt  —  d) 

O. d 

where  Mt 
M* 

Ms 

d 

P. 

P. 

and  where 


(6-21) 

;  micrometer  reading  for  the  TE#m 
resonance  cavity,  empty 

:  micrometer  reading  for  the  TE„i« 
resonance  cavity,  empty 

:  micrometer  reading  for  the  TE,,,ii 
resonance  cavity  with  the  sample 

:  sample  thickness 
:  phaso  constant  of  the  empty  cavity 
:  phase  constant  in  the  sample 


A* 


Ma  —  Mi 


(5-21J) 


For  low-loss  samples,  tan  6  <0.1,  the  dielec¬ 
tric  constant,  k',  is 


k'  = 


/*«'"  r 
A8  I  k  - 


(6-23) 


where  k  =  3.823/a  for  the  TE,,i„  mode  and  a  is 
the  effective  cavity  radius.  This 
effective  cavity  rad:us  must  be 
computed  from 

a  —A _ htllx- _ (6-24) 

V  2.6896  (X,“  -  V) 

where  Xg  =  2(M:,  —  Mi) 

It  can  be  seen  that  all  quantities  except  A«, 
the  free-space  wavelength,  may  be  expressed 
in  terms  of  the  micrometer  readings,  Mi,  MU, 
and  Ma.  Solution  for  (i,  requires  that  tan  p,A/pmA 
be  derived  from  a  table  of  tan  X/X.  Machine 
computation  of  the  data  is  discussed  in  Para¬ 
graph  6-8.2. 

For  high-temperature  measurements,  the  re¬ 
corded  micrometer  readings  have  the  inherent 
corrections  for  temperature  changes  in  the 
measuring  system  and  d,  the  sample  thickness, 
is  the  only  quantity  requiring  further  correc¬ 
tion  for  thermal  expansion.  The  sample  diam¬ 
eter  must,  of  course,  be  selected  so  that  a  small 
gap  (<0.25  mm)  is  maintained  throughout  the 
temperature  range  of  the  measurement.  Any 
differences  in  thermal  expansion  of  the  sample 
and  cavity  result  in  changes  in  this  gap,  but 
no  corrections  in  the  calculations  are  required 
for  small  gaps  (Reference  31 ) . 

Loss  tangent  is  calculated  from  the  Q  of  the 
cavity  by  either  measurement  of  the  width  of 
the  resonance  curve  at  the  3-db  points,  AM,  with 
the  micrometer,  or  by  measuring  the  change  in 
frequency,  Af,  3  db  from  resonance.  The  latter 
can  be  done  somewhat  more  accurately,  since 
AM  for  a  well-designed  cavity  may  be  0.02  mm 
or  less.  A  Boeckeler  micrometer  head  (manu¬ 
factured  by  the  Arizona  Tool  and  Die  Manu¬ 
facturing  Company)  precise  to  ±0.3  microns  is 
useful  for  measuring  AM.  The  system  for  meas¬ 
uring  Af  reported  in  Reference  32  is  rapid  and 
accurate  to  ±6  kc. 

The  calculation  of  tan  6  requires  the  evalua¬ 
tion  of  a  complicated  expression.  Although 
Reference  28  gave  an  exact  expression  for  tan 
8,  the  equivalent  expression  in  the  form  given 
in  Reference  33  is  used  most  frequently. 
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<0.-  +  k*)  k'B-’b* 


AM,  -  — 

a 


whore  B,J 


(6-26) 

",=ii+[(i),'i]“'wr 

b*  =  dfi_-2*"3&LA 


*-"(1-TSt) 

l'  ”  (M;i  —  Mi  —  d) 


/  _  ain20,(M;, -M,-d)N 
V  20,(Mii  -  M,  -  d)  J 
ft,3  AM,, 
k-  +  2ft3  (a/U  £ 

length  of  empty  cavity  at  reso¬ 
nance 


It  can  be  ween  that  tables  of  sin  2X/2X  are 
useful  in  this  calculation  and  that  machine  com¬ 
puting  is  desirable.  The  further  simplification 
or  approximation  of  thiH  expression  for  tan  ft 
has  not  been  attempted;  however,  it  should  be 
possible.  For  temperature  corrections,  all  values 
for  lengths  should  represent  those  under  the 
temperature  conditions,  including  sample  size. 


5-7.2.4  Low-Frequency  Cavity  Designs  (1  to  5  Gc) 

The  cavity  design  shown  in  Fig.  5-33  for  a 
TE,,„o  cavity  has  been  used  for  dielectric  meas¬ 
urements  and  an  analysis  for  the  effect  of  a 
center  sample  insertion  hole  has  been  published 
(Reference  34).  While  this  cavity  has  not  been 
used  at  high  temperatures,  its  advantages  in 
terms  of  sample  requirements  (13-mm  diam¬ 
eter  X  8 -cm  height),  the  ease  of  changing  sam¬ 
ples  at  temperature,  and  its  simplicity  offer 
promise  for  1-  to  6-gc  measurements  in  the 
TE„io  or  TEoau  merles.  The  major  limitation  is 
its  size,  about  25  cm  in  diameter  for  1  gc  which 
requires  a  rather  large  heating  furnace. 

Another  cavity  design,  by  WcBtphal,  has  been 
UBed  in  the  3-  to  6-gc  region.  The  cavity  consists 
of  a  metal  foil  pressed  into  intimate  contact 
with  a  solid  cylindrical  sample  that  is  somewhat 
shorter  axially  than  in  diameter.  The  resulting 
configuration  is  one  of  a  dielectric-filled  cavity. 
Excitation  is  achieved  through  two  iris  open¬ 
ings  on  the  cylinder  faces,  as  shown  in  Fig.  5-34. 
By  the  use  of  a  25-  to  250-micron  thick  platinum 


Figure  5-33.  Typical  TE  Cavity  Configuration.  Small 
Cylindrical  Sample  Is  Inserted  into  Center  of  Cavity 


foil  carefully  rolled  onto  a  1-in.  diameter  x 
7/8-in.  high  sample  and  hot  pressed  in  a  graph¬ 
ite  die,  a  wrinkle-free  cavity  can  be  formed 
around  .he  dielectric  sample.  For  high-tempera¬ 
ture  measurements,  the  graphite  cups  placed 
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over  the  sample,  as  shown  in  Fig.  5-34,  may  be 
induction  heated,  or  heated  to  the  desired  tem¬ 
perature  in  a  icoiatctiice  lux  mice. 

The  equations  used  for  a  cylinder  resonant 
in  the  lowest-frequency  TM0io  mode  are 

X  -  1.30637  D  Vk'  (5-26) 

where  D  =  cavity  diameter,  cm 

k'  =  dielectric  constant  of  the  filling  ma¬ 
terial 

X  =  resonant  -  frequency  free  -  space 
wavelength 


The  cavity  Q  with  a  lossless  dielectric  is 


0  __  104  \/K7a 

If  0.88X/h 


(5-27) 


where  h  =  cavity  height,  cm 

s  =  resistivity  of  metal  walls  relative 
to  copper 


the  loss  tangent,  tan  6,  of  the  dielectric  is  sim¬ 
ply: 

tan  S  =  AX/X  —  1/QW  (5-28) 

where  AX  width  of  the  resonant  curve  (for 
the  cavity  filled  with  dielectric) 
at  its  half-maximum  power  points 
(3  db) 

The  face  foils  require  careful  attention  to 
achieve  high  Q  and  must  be  smooth,  without 
warping  or  separation.  The  TEui  mode,  the 
next  higher- frequency  mode  (about  40% 
higher) ,  is  also  useful  and  the  equations  for 
this  mode  are 


X  = 


Q, 


0.3434726 
l  D2 

1.31  X  104  h 


0.25  y/8 
+  h2  ) 


Vv's 


2.39  h2  -1-1.73  D2 


(5-29) 


39  hVD  +  0.73  Dh  4- 


1.73  D2  ) 


(5-30) 


Values  for  tan  8W  (=  1/QW)  have  been  tabu¬ 
lated  by  Westphal  for  various  length  samples 
vs.  frequency  and  cavity  foil  material. 

This  technique,  with  minor  modification,  is 
also  useful  at  higher  frequencies,  but  is  most 
useful  in  the  region  below  5  gc,  where  larger 
samples  are  required  by  most  measurement 


techniques.  Its  advantages  are  a  simple  sample 
configuration  and  a  simple  calculation  proce¬ 
dure.  A  variable-frequency  signal  source  with 
a  rather  broad  frequency  range  is  required, 
however,  and  the  Af  measurement  for  tan  S 
measurements  requires  careful  attention  for 
very  low-loss  materials.  For  low-loss  samples, 
the  loss  measured  with  the  filled  resonant  cavity 
at  room  temperature  agreed  with  values  deter¬ 
mined  at  8.5  gc,  within  limits  of  error.  Some 
of  the  nigher-loss  materials  showed  appreciably 
lower  loss  in  the  4-gc  region  of  resonance  meas¬ 
urements.  There  is  some  question  as  to  the 
validity  of  the  calculations  used  in  this  tech¬ 
nique,  since  it  is  never  possible  to  confirm  the 
characteristics  of  the  empty  cavity. 


5-7. 2.5  Fre*-Space  Technique! 

At  high  temperatures,  free-space  techniques 
become  somewhat  cumbersome,  since  a  sample 
several  wavelengths  on  a  side  is  usually  re¬ 
quired.  The  entire  sample  must  also  be  heated 
without  the  furnace  parts  introducing  ex¬ 
traneous  reflections.  Two  basic  techniques  have 
been  used  at  high  temperatures.  The  one-horn 
and  two-horn  interferometers  have  received 
most  attention,  and  the  Michelson  type  inter¬ 
ferometer  reported  in  Reference  35  has  been 
used  to  1100°F. 

For  radomes,  a  relatively  large  section  of 
dielectric  is  illuminated  so  that  free-space 
techniques  closely  approximate  the  actual  serv¬ 
ice  conditions.  The  limitation  of  two-horn  inter¬ 
ferometers  is  largely  in  their  inability  to  meas¬ 
ure  losses  below  0.1  with  any  degree  of  accu¬ 
racy,  For  the  Michelson  interferometer,  how¬ 
ever,  losses  as  low  as  0,001  have  been  evaluated. 
Where  local  inhomogeneities  in  a  sample  or 
anisotropic  materials  would  require  measure¬ 
ment  of  a  large  number  of  small  samples  to 
obtain  statistically  significant  values  for  k'  and 
tan  8  by  a  waveguide  technique,  the  interferom¬ 
eter  methods  provide  the  averaging  over  a  large 
sample  area  that  is  desired.  As  frequencies 
above  26  gc  are  required,  cavities  and  wave¬ 
guides  become  small,  and  progressively  more 
difficult  to  handle.  At  the  same  time,  free-space 
techniques  become  more  attractive  because  the 
required  sample  is  reasonably  small  and  sample 
tolerances  are  less  critical.  Above  50  gc,  inter¬ 
ferometer  techniques  are  probably  the  most  de- 
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sirable,  since  the  horn,  waveguide,  and  other 
hardware  become  sufficiently  small  to  make 
platinum  alloys  economically  practical  for  use 
inside  a  moderate  size  furnace, 

The  high-temperature  Michelson  interferom¬ 
eter  designed  by  the  English  Electric  Company 
(Reference  36)  used  a  focused  horn  system  to 
reduce  the  size  of  the  sample  illuminated,  A 
simplified  diagram  of  its  operation  is  shown  in 
Fig,  5-36,  The  sample,  slightly  more  than  10 
cm  in  diameter,  is  placed  in  the  AC  leg  of  the 
interferometer  in  the  dash  line  position  and 
heated  in  a  furnace  whose  door  consists  of  two 
thin  mica  sheets  spaced  X/4  apart.  The  beam 
splitter,  comparable  to  a  partial  mirror  in  op¬ 
tics,  is  a  grid  of  equally  spaced  copper  wires, 
rotated  to  allow  just  60%  transmission.  The 
difference  between  the  null  position  of  B,  with 
and  without  a  sample,  is  determined,  and  the 
width  of  the  null  is  measured  at  the  3-db  point. 
Calculations  of  k'  for  the  interferometer  are 
simply 

tan  (2 ff/Xp)  (Xu  -f-  d)  tan  (27rnd/X,i) 
2irnd/Xu  27rnd/X„ 

(6-31) 

where  X0  =  shift  in  reflector  position  to  null 
with  a  sample 
d  =  thickness  of  sample 
n  =  index  of  refraction  =  -\JW 
X0  =  wavelength  in  air 

With  the  Michelson  interferometer  arrange¬ 
ment,  loss  measurement  is  also  practical  and 
this  is  calculated  by: 


tan  6  ss 


AX 

Xu 


4tt  esc  4 it  (X»  +  d)  /X« 
4irnd 


4 7T  CSC 


Xu 


(6-32) 

where  AX  =  node  width  at  the  3-db  point 


Some  errors  exist  in  the  focusing  inter¬ 
ferometer  because  of  the  difference  between 
the  wavelength  of  the  focused  beam  and  the 
actual  free-space  wavelengh.  This  error  must 
be  calculated  and  measured  where  accuracy 
greater  than  ±1  %  is  required  in  k'. 

Adequate  measurements  of  dielectric  con¬ 
stant  have  been  made  by  conventional  two-horn 
interferometers  (Reference  36)  and  calculation 
of  k'  is  relatively  simple  from  the  formula: 


k'=  1  +2  (A/d)  cos  0+  (A/d)a  (6-33) 


RECEIVER 


A 


Figure  5-3S.  Schematic  Diagram  of  10  gc  Analogue 
of  Michelion  Interferometer 

where  d  =  sample  thickness 

A  =  distance  the  interferometer  horn  is 
moved  from  minima  without  a 
sample  to  minima  with  a  sample 
9  —  angle  of  incidence 

Instead  of  a  change  in  the  horn  separation, 
the  measurement  of  the  phase  shift  and  atten¬ 
uation  required  to  rebalance  the  interferometer 
also  provides  the  information  required  for 
measurement  of  k'.  The  following  expression 
can  therefore  also  be  used : 

k'  =  [  1  +  cos  6  ( iM„/360d  )  ],J  ( 5-34 ) 

where  d  =  physical  thickness  of  sample,  cm 
k'  =  relative  dielectric  constant 
Xo  =  free-space  wavelength,  cm 
9  =  angle  of  incidence  with  the  normal, 
degrees 

\ \>  =s  phase  shift,  degrees 

Although  this  technique  is  not  readily  used  at 
high  temperatures,  it  has  the  advantage  of 
simplicity. 

Measurements  above  50  gc  at  high  tempera¬ 
tures  have  not  been  reported ;  however,  several 
approaches  are  available  for  extending  present¬ 
ly  used  techniques  to  higher  frequencies.  Opera¬ 
tion  of  a  shorted  waveguide  or  cavity  in  a 
higher  mode  would  allow  the  use  of  larger,  more 
convenient  samples,  Interferometric  measure¬ 
ments  using  microwave  analogues  of  the 
Michelson  or  Fabry-Perot  type  interferometers 
(Reference  37)  offer  the  greatest  promise  for 
this  frequency  range  and  should  be  applicable 
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Figure  5-36.  Computation  Shoot  for  Shorted  Waveguide  Technique 


to  frequencies  greater  than  200  gc.  Stable  sig¬ 
nal  sources  with  adequate  power  and  detector 
technology  for  the  frequency  range  above  50 
gc  oner  some  limitations  at  present,  but  meas¬ 
urements  to  120  gc  and  ct  temperatures  up  to 
2910°F  or  327ft"F  are  currently  feasible. 

5-8  DIELECTRIC  DATA  PROCESSING 

For  accurate  dielectric  measurements  at  high 
temperatures,  careful  calculation  of  all  thermal 
expansion  contributions  to  critical  dimensions 
is  required.  While  the  solution  of  the  complex 
transcendental  function  present  in  most  cavity 
or  waveguide  type  equations  is  time  consuming, 
systematic  calculation  sheets  for  these  equa¬ 
tions  have  been  published.  Graphical  solution 
to  the  equations  has  also  been  used.  When  the 
added  complication  of  making  thermal  expan¬ 
sion  corrections  to  the  complex  equations  is 
necessary,  automated  computing  becomes  a 
natural  choice.  The  computational  methods 
often  used  are  briefly  discussed  in  the  follow¬ 
ing  paragraphs. 

5-8.1  MANUAL  METHODS 

The  system  presented  in  Reference  19  using 
Bowie’s  equations  for  the  waveguide  technique 
is  shown  in  Fig.  5-36.  In  this  calculation  sheet, 
the  values  marked  with  an  asterisk  (*)  are 
temperature-corrected  dimensions.  To  perform 
the  entire  calculation  requires  a  table  of  trigo¬ 
nometric  functions  and  a  table  of  tan  X/X 
functions.  The  latter  is  not  common,  but  an 
abbreviated  table  has  been  published  by  von 
Hippel.  A.  more  extensive  table  prepared  by 
Dakin  is  available.  An  experienced  operator 
with  a-  desk  calculator  can  perform  the  entire 
calculation  of|  the  dielectric  constant  and  loss 
tangent  in  about  30  minutes  using  this  tech¬ 
nique. 

The  graphical  calculation  technique  used  by 
Bowie  is  simple,  but  does  not  provide  adequate 
readability  for  the  most  accurate  work.  The  re¬ 
quired  graphs  are  shown  in  Figs.  5-37  through 
5-39.  These  graphs  essentially  reduce  the  cal¬ 
culations  to  a  minimum  and  eliminate  the  need 
for  tan  X/X  tables. 

Use  is  made  of  the  existing  relationship  be¬ 
tween  X,i,  the  calculated  distance  from  the  sam¬ 
ple  face  to  the  first  minimum,  and  the  uncor- 
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Figure  5-37.  Graphical  Solution  of  Waveguide 
Equation  for  Calculating  Dielectric  Con  (fan! 
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rected  dielectric  constant,  expressed  para¬ 
metrically  by  the  equation: 

k  =  (1  —  p)  q'-’  -4-  p 
where  p  =  (Xo/Xc)-’ 

The  parameter  q  represents  the  ratio  of  the 
guide  wavelength  in  air  to  that  in  the  sample. 
Evaluation  of  q  is  accomplished  graphically  by 
plotting  lines  of  a  constant  q-  value  on  a  grid  of 
X0/X,  vs.  d/Xg.  See  Fig.  6-37. 

Similarly,  a  simplified  expression  for  the 
dielectric  loss  tangent  is  obtained  by  the  equa¬ 
tion  : 

Tan8  =  -^p  (Fp)  (Fq)  (6-36) 

where  Fp  =  1  —  p/K 

Fq  =  See  Fig.  6-38 

AX  =  shift  in  node  width  at  double 
power  or  3  db  points 

The  correction  for  sample  fit  is  also  accom¬ 


plished  using  Fig.  5-39,  where  the  ratio  of  b'  b 
is  the  sample  height  waveguide  inside  dimen¬ 
sion  (narrow). 

Von  iljpfjei*s  calculation  technique  using  the 
exact  solution  of  the  equations  and  hyperbolic 
function  i3  seldom  required  except  for  materials 
with  high  losses,  which  would  be  unsuitable  for 
radomes.  The  simplified  equations  presented  for 
low-loss  materials  are  usually  employed,  or  in 
an  equivalent  but  slightly  modified  form. 

5-8.2  AUTOMATED  COMPUTATIONS 

Initial  investigation  of  the  necessary  calcula¬ 
tions  indicates  that  automated  computation  is 
an  excellent  prospect.  However,  many  investi¬ 
gators  had  difficulty  in  achieving  high  accuracy 
and  reliability  in  a  computer  program,  and 
found  that  rather  sophisticated  techniques  were 
necessary  to  solve  the  tan  X/X  function  and 
other  logic  steps  in  the  program.  These  diffi¬ 
culties  are  presented  in  Reference  88  with  an 


Flgur •  5-38.  Graphical  Solution  of  Fq  for  Use  In  Calculating  lots  Tangent 
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Figure  5-39.  Qraphltal  Correction  tor  Sample  Fit 


elegant  solution  to  the  computer  programming 
of  this  problem  that  has  made  it  a  routine  com¬ 
putation.  With  this  technique,  typical  computa¬ 
tion  times  with  an  IBM  7090  or  CDC  1604  com¬ 
puter  are  less  than  2  seconds  for  each  dielectric 
constant  and  loss  value. 

The  same  type  of  programming  is  required 
for  both  cavity  and  shorted  waveguide  type 
techniques.  However,  the  loss  calculation  in  the 
former  is  somewhat  more  lengthy.  Where  any 
significant  number  of  data  points  are  to  be  re¬ 
duced,  the  use  of  automated  computing  rapidly 
becomes  the  most  economical  method.  One  addi¬ 
tional  advantage  of  automated  reduction  of  raw 
data  is  that  more  individual  points  can  be  re¬ 
duced  rapidly  and  cheaply.  This  encourages 
more  comprehensive  raw  data  to  be  taken  and 
the  shape  of  the  temperature-dielectric  prop¬ 
erty  curves  to  be  defined  more  carefully.  The 
use  of  a  greater  number  of  data  points  and  the 
reduction  of  human  error  in  computation  also 
improve  the  reliability  of  the  final  property 
data. 


5-9  THERMAL  MEASUREMENTS 

For  dielectric  materials  used  above  2000°F, 
the  the  mal  properties  become  important  for 
two  easons:  (1)  the  heat  transfer  into  the 
structure  and  the  temperature  reached  during 
aerodynamic  heating  depend  on  thermal  prop¬ 
erties,  and  (2)  the  mechanical  performance  of 
dielectric  materials  is  highly  dependent  upon 
the  magnitude  of  the  thermal  stresses  developed 
during  transient  heating.  Calculation  of  these 
mechanical  stresses  requires  precise  knowledge 
of  thermal  properties, 

Thermal  conductivity,  thermal  diffusivity, 
specific  heat,  and  radiation  properties  are 
briefly  discussed  in  the  following  paragraphs. 
Thermal  expansion  measurements  are  discussed 
in  Paragraph  6-10.5. 

The  relationship  between  thermal  conduc¬ 
tivity,  thermal  diffusivity,  and  specific  heat  is 
shown  by": 

K  =  apC,,  (5-36) 
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where  C,,  =  specific  heut 

K _ tiici  intti  conductivity 

a  =  thermal  diffusivity 
p  =  density 

Generally,  thermal  conductivity  measurements 
are  made  from  steady-state  heat  transfer  in  a 
well  defined  geometry.  Thermal  diffusivity 
measurements  are  usually  performed  during 
transient  or  cyclic  heating  or  cooling  with  well 
defined  boundary  conditions.  Specific  heat 
values  are  usually  derived  from  measured 
enthalpy  values.  Since  the  latter  can  be  de¬ 
rived  with  reasonable  ease  and  accuracy,  com¬ 
pared  to  other  thermal  property  measurements, 
little  difficulty  is  experienced  in  converting 
from  thermal  conductivity  to  diffusivity,  or 
vice  versa.  Since  the  useful  radome  materials 
are  dielectrics  and  hence  electrical  insulators, 
low  thermal  conductivity  values  might  be  ex¬ 
pected.  However,  the  range  of  values  normally 
encountered  may  be  from  very  low  (such  as 
silica)  to  values  comparable  to  those  for  highly 
conductive  materials  (such  as  beryllia).  The 
use  of  a  single  technique  or  a  single  sample 
configuration  over  such  a  range  of  conductivity 
values  is  not  generally  possible  or,  if  possible, 
is  rarely  optimum  for  either  extreme.  The  tech¬ 
niques  selected  for  discussion  are  representa¬ 
tive  of  current  experimental  procedures  in  the 
temperature  range  above  2000°F  and  are  ap¬ 
plicable  to  a  wide  range  of  materials. 


5-9.1  THERMAL  CONDUCTIVITY  MEASUREMENTS 


Measuring  techniques  may  be  divided  into 
two  general  classifications:  (1)  envelope  tech¬ 
niques  and  (2)  longitudinal  heat-flow  or  com¬ 
parative  techniques.  Many  investigators  prefer 
the  envelope  techniques  at  high  temperatures 
because  of  the  difficulty  in  establishing  true 
longitudinal  heat  flow  with  planar  isotherms  at 
high  temperatures.  (See  References  39  through 
43.) 

The  basic  requirements  for  a  radial  heat-flow 
thermal-conductivity  measurements  are  shown 
in  Fig.  5-40.  The  measurement  of  thermal  con¬ 
ductivity  using  this  technique  can  be  calculated 
by: 


v  _  (Vx  I)  /nrg/r, 
2iri(Ti--T») 


(5-37) 


Figure  5-40.  Detail *  of  o  Typical  Radial  Heat-Flow 
Thermal  Conductivity  Technique 


where  K  =  thermal  conductivity,  watts- 
cm->  "C-1 

Ti  =  inner  temperature,  °C 
T2  =  outer  temperature,  °C 
V  =  voltage  across  the  potential  taps, 
volts 

I  =  current  through  heater,  amperes 
V  X  I  =  Q  =  heat  input,  watts 
r2  =  outer  radius,  cm 
rt  =  inner  radius,  cm 
i  =  distance  between  the  potential 
taps,  cm 

From  Eq,  6-37,  it  can  be  seen  that  it  is  nec¬ 
essary  to  record  two  temperatures  and  three 
length  dimensions  (ru  r2l  ()  accurately  in  ad¬ 
dition  to  the  heat  input,  q,  which  is  V  X  I. 
Generally,  the  greatest  errors  in  this  tech¬ 
nique  arise  from  the  uncertainty  in  the  length 
measurements.  With  care,  the  uncertainty  in 
thermocouple  position  can  be  reduced  to  ±2% 
or  less.  This  requires  the  use  of  fine  thermo¬ 
couple  wire  and  small  holes  in  the  sample  if 
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tho  diameter  of  the  holes  is  not  to  be  an  ap¬ 
preciable  fraction  of  the  distance  between  the 
holes.  The  accuracy  in  locating  the  spacing  of 
the  potential  taps  requires  tire  omne  considera¬ 
tion.  The  errors  in  measuring  temperature  and 
heat  input  can  generally  be  reduced  below  the 
level  of  those  errors  in  dimension  measure¬ 
ments.  However,  large  thermocouple  holes  also 
introduce  errors  in  temperature  measurements, 
since  each  side  of  the  hole  is  a  different  tem¬ 
perature  and  the  thermocouple  seldom  reads 
the  average  temperature,  but  reads  the  approx¬ 
imate  wall  temperature  of  the  hole  at  a  point 
of  contact. 

In  spite  of  the  above  difficulties,  using  holes 
as  large  as  0.040  in.,  reproducibility  of  typical 
conductivity  measurements  may  be  better  than 
5%  if  reasonable  care  is  exercised.  The  use  of 
sample  disks,  rather  than  a  solid  monolithic 
block  for  the  specimens,  introduces  little  error, 
since  the  individual  disks  can  be  ground  flat  to 
stack  with  negligible  gap  and  any  film  coeffi¬ 
cients  al  this -Interface  actually  discourage  the 
undesirable  longitudinal  heat  flow. 

Longitudinal  heat-flow  techniques  have  been 
used  at  temperatures  up  to  2800°F  to  obtain 
accurate  data  (Reference  44).  However,  the 
data  obtained  by  many  previous  investigators 
using  these  techniques  have  been  questioned 
where  inadequate  “guarding”  techniques  were 


used.  A  careful  guard-heater  technique,  estab¬ 
lishing  a  gradient  along  the  guard  tube  similar 
to  the  gradient  along  the  sample  standard  rod, 
and  tne  use  of  insulating  powder  filler  between 
the  sample  and  guard  are  generally  necessary  to 
achieve  accurate  results  (Reference  -15).  For 
absolute,  rather  than  comparative,  measure¬ 
ments,  some  calorimetric  method  must  also  be 
included.  In  general  practice,  this  is  seldom 
done  and  the  thermal  conductivity  of  the  sam¬ 
ple  is  compared  to  that  of  a  known  material, 
such  as  Armco  Iron  (References  39,  41,  46,  and 
47).  A  range  of  samples  of  known  thermal  con¬ 
ductivity  is  required,  however,  if  high  accu¬ 
racies  are  to  be  achieved,  since  the  conductivity 
of  the  standard  should  approximate  that  of  the 
sample  (Reference  44).  The  essential  features 
of  a  longitudinal  heat-flow  method  are  shown 
in  Fig,  5-41. 

A  planar  heat-flow  technique  or  “guarded 
hot-plate”  technique  that  has  been  used  at 
high  temperatures  is  shown  in  Fig.  5-42.  Ac¬ 
curate  measurements  are  possible  if  care  is 
given  to  (1)  the  fabrication  of  an  accurate, 
symmetrical  flat-plate  heater  with  guard  wind¬ 
ing,  (2)  the  use  of  two  sample  plates  of  similar 
density  and  the  same  thickness,  and  (8)  the 
careful  measurement  of  surface  temperatures 
of  the  two  plates,  or  the  temperature  at  two 
points  within  the  sample  plates  (Reference 
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48)  The  advantage  of  this  method  is  that  sim¬ 
ple  plate  samples  can  be  used.  Experimentally, 
tins  laigei  auurces  of  error  result  from  achiev¬ 
ing  symmetry  in  heat  flow  and  from  the  meas¬ 
urement  of  temperatures  at  or  near  the  sam¬ 
ple-heater  interface. 

A  calorimeter  version  of  this  device  has  often 
been  used  (Reference  49).  The  symmetrical 
heater-sample  arrangement  is  replaced  with  a 
single  heater,  a  single  3ample,  and  a  flat-plate 
calorimeter  of  some  type.  The  difficulties  with 
such  an  arrangement  are  that  the  calorimeter 
usually  operates  at  or  near  the  boiling  point  of 
water  and,  for  high-temperature  measure¬ 
ments,  the  large  temperature  gradient  and  the 
difficulty  of  achieving  a  high  average  sample 
temperature  make  this  technique  less  desirable. 


5-9.2  THERMAL  DIFFUSIVITY  MEASUREMENTS 

The  ad\  ntaffe  of  thermal  difTusivitv  meas¬ 
urements  lies  largely  in  their  speed,  eompaied  to 
the  time  required  for  steady-state  conductivity 
measurements.  Often,  the  difTuaivity  data  from 
600°F  to  2600°F  or  higher  can  be  obtained  in 
the  time  required  for  only  one  or  two  accurate 
thermal  conductivity  measurements.  The  time 
advantage  also  means  that  more  data,  or  more 
closely  spaced  points,  can  be  obtained  at  a  rea¬ 
sonable  cost,  The  major  difficulty  with  diffu- 
sivity  measurements  is  either  the  complex  math 
required  for  calculations  or  the  attainment  of 
well  defined  boundary  conditions  for  the  tran¬ 
sient  heat  flow. 

A  recent  approach  to  diflfusivity  measure¬ 
ments  uses  an  intense  radiant  heating  pulse  to 
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heat  one  face  of  a  disk  and  measures  the  tem¬ 
perature  perturbation  on  the  reverse  side 
(References  60,  61,  and  62).  This  method  has 
developed  rapidly  and  the  data  from  this  meas¬ 
urement  technique  have  shown  excellent  agree¬ 
ment  with  steady-state  data  where  comparisons 
are  possible.  The  assumptions  in  this  technique, 
which  make  it  more  diiticult  to  apply  to  some 
dielectric  materials,  are  that  the  sample  is 
opaque  and  that  the  heating  pulse  of  radiant 
energy  is  absorbed  completely  at  the  front  face. 
For  materials  that  are  partially  transparent,  a 
thin  opaque  coating  of  evaporated  metals  has 
been  used  (Reference  63).  For  application  of 
this  technique  at  high  temperatures,  some  cor¬ 
rections  for  radiation  losses  are  ulso  nec¬ 
essary  (References  61  and  53).  A  schematic 
representation  of  the  measurement  technique  is 
shown  in  Fig.  6-43. 

The  calculation  procedure  for  this  technique 
is  described  in  Reference  60.  For  opaque  sam¬ 
ples,  the  thermal  diffusivity,  a,  for  the  sample 
is  simply: 


where  Si/-  =  1.37,  if  there  are  no  radiation 
losses 

ti/a  =  time  required  for  back  surface 
to  decrease  from  one-half  maxi¬ 
mum  temperature,  sec 
a  =  thermal  diffusivity 
l  =  sample  thickness,  cm 

This  expression  is  applicable  for  materials 
of  high  diffusivity,  such  as  metals,  up  to  their 
melting  point.  Radiation  losses  for  these  ma¬ 
terials  can  generally  be  neglected.  However, 
for  dielectric  materials  of  lower  diffusivity,  the 
value  for  Si/-  is  less  than  1.37  because  of  radia¬ 


tion  losses,  and  can  be  determined  experimen¬ 
tally  by  examining  the  back  surface  tempera¬ 
ture-time  profile  for  longer  times  after  the  ini¬ 
tial  perturbation,  References  61  and  54  de¬ 
scribe  methods  for  approximating  the  value  of 
Si/L.  directly  and  for  an  iterative  solution  for  a 
with  successive  approximations  for  the  radia¬ 
tion  loss. 

The  duration  of  the  initial  flash  pulse  has 
been  shown  in  Reference  54  to  be  negligible  for 
typical  flash  lamp  or  laser  sources  and  samples 
of  reasonable  thickness.  Longer  duration  pulses 
are  feasible  with  thick  samples  or  materials  of 
low  diffusivity. 

A  longitudinal  diffusivity  technique,  using  a 
rod  and  concentric  cylinder  joined  and  heated 
at  one  end,  has  been  used  at  high  temperatures 
with  good  results  (Reference  55).  The  sample 
requirements  and  the  instrumentation  are  rea¬ 
sonable;  however,  calculation  of  the  diffusivity 
is  usually  a  computerized  operation.  The  basic 
sample  is  shown  in  Fig,  5-44  with  a  schematic 
of  the  data  recording  apparatus.  The  sample 
is  held  at  a  uniform  ambient  temperature  with 
no  input  to  the  sample-heater.  The  sample- 
heater  assembly  is  then  heated  by  the  internal 
sample-heater  and  the  temperature  change  at 
each  thermocouple  position  is  recorded.  The 
change  in  sample  temperature  is  only  a  few 
degrees  and  the  duration  of  the  measurement 
only  a  few  minutes.  The  basic  technique  con¬ 
sists  of  using  the  outer  thermocouples  to  record 
a  temperature-vs.-time  profile  at  two  points 
along  the  uniform  rod  specimen.  These  tem¬ 
perature-time  functions  are  used  to  define  the 
heat  transfer  conditions.  The  temperature¬ 
time  curve  at  the  center  thermocouple  (experi¬ 
mental)  is  then  approximated  by  an  iterative 
solution  that  yields  the  thermal  diffusivity 
when  a  matching  occurs.  The  calculation  tech- 
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Figure  5-44,  Sample  and  Instrumentation  for  longitudinal  Thermal  Diffusivity 
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nique  for  this  measurement  has  been  described 
in  References  B6  and  64. 

The  advantages  of  this  technique  are  the 
relatively  simple  sample;  the  simplification  of 
the  heat-flow  conditions  by  using  a  “guard” 
heater  of  similar  material ;  and  the  relative  ease 
of  measurement,  since  only  arbitrary  tempera¬ 
ture  units  are  used  for  each  thermocouple  posi¬ 
tion.  This  means  that  radiation  thermometry 
or  refractory  metal  thermocouples  can  be  used 
for  temperature  measurements  as  long  as  the 
temperature  output  calibration  curves  of  each 
sensor  have  the  same  slope.  The  ambient  tem¬ 
perature  output  is  normally  balanced  for  each 
sensor  so  that  only  the  disturbance  caused  by 
additional  heating  is  recorded. 


below  2000°F  and  hence  most  specific  heat 
values  are  more  reliable  than  the  correspond¬ 
ing  conductivity  or  diffusivity  values.  The  tech¬ 
niques  for  making  specific  heat  measurements 
may  be  divided  into  two  classes :  ( 1 )  adiabatic 
calorimetry,  and  (2)  “dropping”  type  calorim¬ 
etry.  In  both  cases,  the  enthalpy  of  the  sam¬ 
ple  material  is  determined  accurately  and  the 
slope  of  the  enthalpy-temperature  curve  is  cal¬ 
culated  to  yield  specific  heat  values.  Enthalpy 
measurements  are  generally  highly  accurate  by 
either  method  and  accuracies  better  than 
±0.2%  may  be  achieved. 

5-9.3.I  Adiabatic  Calorimetry 


'  In  adiabatic  calorimetry,  a  sample  is  care- 

a-9.3  SPECIFIC  HEAT  MEASUREMENTS  fully  heated  for  a  known  temperature  interval 

while  losses  to  the  surroundings  are  prevented 
The  accuracy  normally,  achieved  in  specific. by -maintaining  an- adiabatic  shield  around  the 
heat  measurements  is  usually  better  than  1 %  sample.  (For  measurements  above  1470°F,  the 
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difficulty  of  maintaining  adiabatic  conditions 
increases.)  The  heat  input  to  the  sample  is  then 
a  direct  measurement  of  the  enthalpy  change 
tor  tfte  selected  temperature  interval.  Several 
accurate  adiabatic  calorimeter  designs  are  de¬ 
scribed  in  References  57  and  58;  these  calo¬ 
rimeters  are  most  useful  for  materials  that 
have  abrupt  discontinuities  in  the  specific  heat 
curves  because  of  transitions  in  structure.  For 
most  dielectric  materials,  the  full  advantages 
of  adiabatic  calorimetry  are  seldom  realized, 
since  the  specific  heat  curves  are  usually  smooth 
functions. 

5-9.3.2  “Dropping"  Calorimetry 

For  “dropping”  calorimetry,  the  sample  is 
heated  uniformly  in  an  accurately  controlled 
furnace  and  dropped  into  a  suitable  calorimeter. 
While  the  furnace  requirements  are  stringent, 
they  are  straightforward;  therefore,  attention 
will  be  given  to  the  calorimetry  only.  Two  types 
of  calorimeters  are  in  current  use:  (1)  Bunsen 
ice  calorimeters,  and  (2)  copper  block  calorim¬ 
eters.  The  ice  calorimeter  is  described  in  Ref¬ 
erences  59  and  60,  and  the  precautions  to  be 
observed  in  obtaining  accurate  enthalpy  meas¬ 
urements  are  given  in  Reference  61.  Basically, 
the  ice  calorimeter  consists  of  a  container 
system  in  which  an  ice-water-mercury  ar¬ 
rangement  allows  the  conversion  of  the 
heat  input  to  the  calorimeter  to  melting  (or 
freezing)  of  the  ice.  This  change  of  volume  is 
then  sensed  by  an  accurate  mercury  column. 
The  calibration  constant,  the  ratio  of  mercury 
mass  to  heat  input,  is  accurately  known  (Refer¬ 
ence  60).  A  typical  design  is  shown  in  Fig.  5-45. 
The  calorimeter  assembly  is  submerged  in  an 
ice-water  bath  and  provides,  essentially,  iso¬ 
thermal  calorimetry  at  the  ice  point.  The  heat 
losses  from  the  ice  calorimeter  can  be  min¬ 
imized,  made  vlery  reproducible,  and  seldom  ex-*' 
ceed  1  calorie  per  hour.  Even  this  heat  leak  is 
readily  measured  (Reference  61). 

Copper  block  calorimeters  (References  62 
and  63)  are  somewhat  simpler  than  ice  calorim¬ 
eters;  however,  they  require  careful  design 
to  minimize  heat  leak.  (See  Fig.  6-46.)  By 
placing  the  copper  block  in  an  isothermal  en¬ 
closure  controlled  to  ±,003°F  and  by  using 
polished  gold  plated  surfaces  outside  the  calo¬ 
rimeter  and  inside  the  isothermal  enclosure  to 
reduce  radiation  transfer,  the  heat  exchange 


between  the  calorimeter  block  and  surround¬ 
ings  can  be  reduced  to  about  0.001  °F  per  min¬ 
ute  per  degree.  Since  a  5°F  or  10°F  change  in 
temperature  of  the  block  occurs  during  en¬ 
thalpy  measurements  and  a  resistance  ther¬ 
mometer  in  the  block  can  be  made  sensitive  to 
0.00005°F,  the  accuracy  of  the  measurements 
can  be  comparable  to  those  of  an  ice  calorim¬ 
eter.  Even  with  all  precautions,  however, 
about  1  %  of  the  total  heat  may  be  transmitted 
to  the  surroundings  during  a  measurement  and 
a  suitable  correction  is  required. 

For  “dropping”  type  measurements,  it  is  cus¬ 
tomary  to  place  the  sample  in  a  capsule  and 
measure  the  enthalpy  of  the  capsule  with  and 
without  the  sample,  This  minimizes  the  error 
due  to  radiation  losses  during  transfer  from  the 
furnace  to  the  calorimeter  (Reference  61).  Ref¬ 
erence  63  calculates  the  losses  by  either  vary¬ 
ing  the  mass-to-surface  ratio  and  extrapolating 
to  zero  surface,  or  by  varying  the  duration  of 
the  transfer  operation  and  extrapolating  to 
zero  time.  The  capsule  technique  has  generally 
been  preferred  where  a  container  material  that 
does  not  react  with  the  specimen  is  available. 

5-10  MECHANICAL  PROPERTY 
MEASUREMENTS 

Mechanical  property  measurements  on  brit¬ 
tle  dielectric  materials  have  always  led  to  con¬ 
troversy  in  terms  of  proper  loading  rate,  sam¬ 
ple  size,  and  sample  configuration.  The  philos¬ 
ophy  that  has  been  adopted  in  this  discussion 
is  that  of  (l)  obtaining  useful,  reliable  design 
data,  (2)  using  the  best  practical  sample-load¬ 
ing  design  (no  better  utilization  of  the  mate¬ 
rial  should  be  expected  in  real  designs),  (3) 
assuming  that  the  ductility  is  still  extremely 
limited  even  about  2000°F,  but  that  slight  in¬ 
elastic  deformations  could  occur,  and  (4)  as¬ 
suming  that  creep,  though  possibly  important 
in  some  applications,  is  not  generally  the  limi¬ 
tation  of  dielectric  materials. 

5-10.1  TENSILE  STRENGTH  MEASUREMENTS 

For  materials  with  as  much  as  2%  elonga¬ 
tion  at  fracture,  the  grip  and  sample  design  are 
not  highly  critical  if  adequate  care  is  taken  in 
alignment.  For  most  dielectric  materials,  the 
gripping  is  a  significant  problem  and  must  re- 
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dom  when  the  sample  is  suspended  from  the 
top  pivot  point.  The  grips  are  cooled  and  the 
specimen  is  surrounded  by  an  oven  providing 
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the  gage  length;  a  very  sharp  gradient  exists 
outside  of  this  area.  The  break  is  well  defined 
in  the  gage  length,  which  is  typical  of  the 
results  achieved  when  testing  materials  that 
decrease  in  strength  with  increasing  tempera¬ 
ture.  The  specimen  configuration  shown  is  ade¬ 
quate  for  all  temperatures  (for  materials  hav- 
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ceive  careful  consideration.  Generally,  it  is  de¬ 
sirable  to  utilize  a  loading  system  where  the 
top  grij^  is  allowed  to  pivot  about  an  E-W  axis 
ttnu  Lilt;  uuLbUili  giiji  to  oiiuwcu  lO  piVv/t  mwut  a 
N-S  axis,  with  both  grips  free  to  rotate.  The 
sample  and  its  grips  form  a  single  load  train, 
which  is  allowed  to  orient  itself  as  the  actual 
load  is  applied.  Figure  5-47  shows  a  system  for 
both  specimen  and  grip  at  temperatures  to 
3100’F,  when  only  ultimate  strength  is  de¬ 
sired.  This  system  provides  two  degrees  of  free- 
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Figure  5-46.  Copper  Block  Calorimeter  Design  Features 


ing  strength  that  decreases  with  temperature) . 
However,  at  high  temperatures,  it  may  be  un¬ 
necessary  to  use  a  necked  specimen.  A  uniform, 
straight  rod  about  1/4  in.  in  diameter  and  12 
in.  long,  gripped  in  accurately  machined  collet- 
type  chucks,  can  be  loaded  to  about  80%  of 
its  ultimate  strength  before  failure  will  occur 
at  the  grip  junction.  Thus,  a  constant  cross- 
section  specimen  can  be  heated  in  the  center, 
and  will  fail  in  the  uniformly  heated  region  if 
the  strength  at  that  temperature  is  80%,  or 
less,  of  its  low-temperature  value. 

For  the  few  materials  having  strength  that 
increases  with  temperature,  such  as  silica,  a 
much  shorter  length  gage  having  a  massive  end 
section  (also  maintained  near  the  test  tempera¬ 
ture)  may  be  required  to  define  the  break  in  the 
gage  section.  Flexural  strength  measurements 
are  generally  more  reliable  for  these  materials, 

Various  investigators  have  used  many  tech¬ 
niques  to  ensure  accurate  axial  loading  of  the 
tensile  specimen  during  test.  One  of  the  more 
elaborate  pieces  of  equipment  is  shown  in  Fig, 
5-48.  This  system,  developed  by  Southern  Re¬ 
search  Institute  (Reference  65)  uses  a  self- 
aligning  hemispherical  air  bearing  to  apply  the 
load  axially. 

The  problems  associated  with  the  measure¬ 
ment  of  sample  elongation  at  temperatures 
above  1800°F  warrant  discussion.  Normal 
strain  gage  instrumentation  can  be  used  at 
temperatures,  to  1000°F  with  little  difficulty 
and  has  recently  been  extended  to  1800°F  with 
reasonable  reliability.  Above  1800°F,  many  at¬ 
tempts  have  been  made  to  monitor  the  sample 
elongation  by  placing  small  clamps  on  either 
end  of  the  gage  length  and  running  extension 
rods  from  these  points  to  the  outside  of  the  hot 
zone,  where  either  variable  differential  trans¬ 
formers  or  dial  indicators  are  used  to  indicate 
the  motion  of  these  points.  This  method  has 
many  inherent  problems:  if  the  clamps  are 
placed  on  the  actual  gage  section  of  the  speci¬ 
men,  they  often  contribute  to  the  specimen 
failure  as  a  consequence  of  notch  sensitivity  or 
chemical  reaction  with  the  specimen.  Further 
errors  are  introduced  because,  during  loading, 
the  cross-section  is  reduced  and  the  clamps  tend 
to  loosen  and  slip,  so  that  the  original  gage 
length  is  not  preserved.  In  several  studies  this 
effect  has  been  overcome  by  marking  the  gage 
length  and  following  its  movement  with  a 


Figure  5-48.  Schematic  Diagram  of  Seif-Aligning 
Air  Bearing  for  Axial  Loading  of  Tamila  Specimen 

cathatometer.  While  this  is  suitable  for  studies 
of  long-term  extension,  such  us  creep,  the  rapid 
extension  rate  realized  in  short-term  tensile 
determinations  does  not  lend  itself  to  manual 
measurement. 

Several  test  facilities  have  added  the  capa¬ 
bility  of  measuring  sample  elongation  at  tem¬ 
peratures  as  high  as  5000' F  (Reference  66). 
In  all  cases,  the  sample  deformation  is  moni¬ 
tored  automatically  by  an  optical  tracking  sys¬ 
tem.  The  specimen  must  be  prepared  so  that  a 
distinct  reference  area  protrudes  from  it.  One 
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technique  uses  a  sample  with  a  sharp  shoulder 
protruding  at  that  point  where  the  radius  of 
the  gage  length  begins.  In  all  cases,  the  furnace 
is  provided  with  sight  tubes  so  that  the  mate¬ 
rial  marking  the  gage  length  is  easily  visible. 
These  reference  points  are  back-hghted  and  the 
optical  system  monitors  their  movement  as  the 
specimen  is  loaded.  The  motion  is  converted  to 
an  electrical  signal  and  is  plotted  directly  on 
a  recorder.  The  optical  tracking  may  be  pro¬ 
vided  by  a  servo  system  that  balances  the  out¬ 
put  of  a  photocell,  moving  it  so  that  it  always 
sees  the  same  edge  of  the  reference  point;  or 
this  result  may  be  accomplished  by  a  more 
complicated  system  using  an  image  tube  in 
conjunction  with  an  aperture  and  a  sensitive 
photocathode  providing  a  usable  signal  that 
may  be  recorded  directly  (Reference  67).  This 
latter  system  has  extremely  rapid  response 
characteristics. 


5-10.2  COMPRESSIVE  STRENGTH  MEASUREMENTS 

Compressive  strength  measurements  present 
many  of  the  same  problems  when  measuring 
deformation  as  occur  in  the  elongation  meas¬ 
urements  discussed  previously.  The  problem  is 
even  more  acute  in  that  the  sample  length  is 
usually  smaller  for  compressive  testing.  The 
most  satisfactory  compressive  strength  sample 
configuration  (Reference  68)  has  been  a  right 
circular  cylinder  with  a  height-to-diameter 
ratio  of  about  two,  and  a  diameter  of  from  1/4 
to  1/2  in.  The  specimen  ends  should  be  ground 
flat  and  parallel  to  within  0.001  in.  or  better. 
Bearing  "blocks”  of  the  same  material  should 
be  larger  cylinders  (or  truncated  cones)  about 
two  or  three  times  the  diameter  of  the  specimen 
and  of  equal  height.  Equal  care  should  be  given 
to  grinding  the  faces  of  the  bearing  blocks  so 
that  they  are  flat  and  parallel.  A  short  cylin¬ 
drical-necked  specimen,  Similar  to  a  tensile 
specimen  but  with  a  gage  section  only  about 
two  diameters  long,  combining  both  specimen 
and  bearing  "blocks,”  may  also  be  used  effec¬ 
tively.  These  configurations  have  been  found 
to  be  satisfactory  for  specimens  of  extremely 
high  compressive  strength  at  low  temperatures 
and  are  equally  useful  at  high  temperatures. 

Uniform  heating  and  axial  loading  are  con¬ 
stant  problems,  but  the  same  considerations 
hold  as  for  tensile  measurements.  One  consid¬ 


eration  in  compressive  measurements  is  the 
mass  of  the  loading  rams  and  the  resulting  heat 
leak,  causing  gradients  in  the  sample.  Use  of 
ceramic  oxide  rods  (such  as  alumina)  for  this 
purpose  provides  both  mechanical  and  thermal 
advantages. 

5-10.3  FLEXURAL  STRENGTH  MEASUREMENTS 

For  brittle  materials  (or  those  with  very 
limited  deformation  before  fracture),  flexural 
strength  measurements  am  common.  The  gen¬ 
eral  preference  for  flexural  strength  measure¬ 
ments  is  a  4-point  loading  using  rectangular 
bars.  This  arrangement  generally  reduces  the 
scatter  of  individual  specimens,  but  yields 
slightly  lower  average  strength  values  than 
round  bars  or  bars  huving  a  3-point  loading. 
The  averaging  effects  of  this  loading  arrange¬ 
ment  are  euused  by  the  entire  bottom  area  of 
the  specimen  being  under  maximum  tension 
between  the  center  loading  points.  Serious 
errors  can  develop  in  this  loading  arrangement 
if  each  load  point  is  not  parallel  and  the  loading 
causes  torsion  in  addition  to  bending.  The  link¬ 
age  that  divides  the  load  ior  the  two  equal  cen¬ 
ter  loading  points  must  also  be  reliable,  since 
it  is  usually  subjected  to  the  temperatures  of 
measurement. 

A  loading  rate  of  S00  psi  per  minute  on  a 
1/2  in.  or  1/4  in.  X  8  in.  bar  supported  6  in. 
apart  and  loaded  symmetrically  at  two  points 
2  in.  apart  is  a  reasonable  experimental  condi¬ 
tion.  Three-point  loading,  small  samples,  round 
bar  specimens,  and  higher  loading  rates  can 
also  be  used,  but  the  data  for  any  set  of  condi¬ 
tions  can  be  compared  to  those  taken  under  dif¬ 
ferent  conditions  only  with  some  reservations. 
Often  the  change  in  loading  conditions  results 
in  only  simple,  or  approximately  linear  differ¬ 
ences,  if  only  average  strength  values  are  of 
interest. 

5-10.4  ELASTIC  MODULI 

Elastic  moduli  may  be  determined  by  either 
static  or  dynamic  techniques.  Where  elonga¬ 
tion  is  measured  in  mechanical  testing,  static 
modulus  values  are  readily  calculated  and  are 
usually  slightly  lower  than  the  dynamic  values. 
Dynamic  techniques  described  in  Reference  69 
are  useful  above  2000nF  and  require  relatively 
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simple  instrumentation.  A  method  of  support-  through  a  lightweight  rod.  For  excitation,  mag- 

ing  the  sample  must  be  provided  so  as  not  to  netic  cutting  heads  are  frequently  used;  how- 

dampen  the  vibrations  at  resonance.  Excita-  ever,  several  reliable  vibration  transducers  are 

tion  is  normally  achieved  by  suspension  tech-  available  that  can  be  driven  with  up  to  10  watts 

niques,  by  an  air  column,  or  by  mechanical  of  power.  At  temperatures  above  2BOO°F,  major 

coupling.  (See  Fig,  5-49.)  A  preferred  sus-  emphasis  is  normally  placed  upon  the  modulus 

pension  technique  has  a  rectangular  bar  (0.2  of  elasticity  measurements  with  little  attention 

cm  X  2  cm  X  15  cm)  suspended  near  each  end  given  to  the  modulus  of  rigidity.  This  is  a  con- 

(0.24  x  total  sample  length)  by  two  quartz  sequence  of  the  increased  difficulty  in  exciting 

fiber  threads  or  platinum  wires.  By  allowing  torsional  modes  at  the  higher  temperatures, 

the  suspension  threads  (or  wires)  to  be  wound 

in  opposite  directions  around  the  sample,  ter-  5„,0  5  thermal  EXPANSION  MEASUREMENTS 
minating  vertically  from  opposite  sides  of  the 

sample,  torsional  modes  as  well  as  flexural  modes  Thermal  expansion  measurements  may  be 
can  be  excited,  This  allows  calculation  of  made  at  very  high  temperatures  by  direct  meas- 

Poisson’s  ratio  from  the  shear  and  flexural  urement  or  by  comparison  with  a  known  stand- 

moduli  values.  For  temperatures  or  specimens  ard.  Most  investigators  have  used  the  direct 

where  the  suspension  technique  is  inadequate,  measurement  technique  above  2800UF.  One 

several  other  methods  are  useful  for  exciting  investigator  (Reference  71)  has  used  a  6-mc 

the  specimen  from  outside  the  furnace:  (1)  induetion-heatod  furnace,  oxide  susceptor  rings, 

by  acoustic  energy  directed  on  the  specimen  and  air  atmosphere  for  measurements  up  to 

through  an  air  or  gas  column,  or  (2)  by  direct  4000°F.  Direct  optical  measurements  of  exten- 

mechanical  coupling  to  the  specimen  with  a  sion  were  made.  Accurate  comparative,  values 

lightweight  rod  (Reference  70).  The  pickup  is  are  possible  to  i)100'JF,  using  oriented  sapphire 

usually  directly  coupled  to  the  specimen  as  a  standard.  A  sapphire  rod  dilutometer,  using 


three  long  sapphire  rods  joined  at  the  ends  for 
the  cage  and  a  center  "push-rod”  that  actuates 
the  measuring  transducers  is  shown  in  Fig. 
5-60,  It  is  similar  to  the  standard  fused  silica 
model,  except  that  the  push-rod  is  in  two  equal 
leiigilio,  willi  ilie  sample  at  the  center  of  the 
dilatometer.  The  sample  is  heated  uniformly  in 


a  short-tube  furnace  that  allows  the  dilatometer 
ends  to  remain  cool.  Such  an  arrangement  is 
readily  constructed  and  is  reliable.  X-ray  tech¬ 
niques  that  have  been  used  (References  72  and 
73)  on  powder  or  polycrystalline  plates  in  the 
region  above  2800°F,  agree  closely  with  data 
obtained  from  other  measurement  techniques. 


PART  III — DESIGN,  EVALUATION  AND  PERFORMANCE  OF 
MODERN  MICROWAVE  ANECHOIC  CHAMBERS 


5-11  INTRODUCTION 

As  pointed  out  in  Chapter  1,  the  radome  must 
not  only  protect  the  system,  but  it  must  also 
have  a  minimum  effect  on  antenna  characteris¬ 
tics.  In  particular,  its  effect  on  the  boresight 
error  angle  and  the  rate  of  change  of  this  angle 
with  antenna  beam  position  must  be  kept  to  a 
minimum.  To  determine  the  performance  of  a 
radome,  it  is  important  that  precise  boresight 
measurements  be  made.  To  assure  that  such 
measurements  are  valid,  unwanted  reflections 
must  be  eliminated.  Boresight  measurements  on 
small  radomes  are  best  carried  out  in  a  micro- 
wave  absorbing  room  known  as  an  anechoic 
chumber.  Microwave  anechoic  chambers  are 
currently  in  use  for  a  great  variety  of  indoor 
measurements  on  antennas,  antenna  systems, 
associated  radomes,  and  other  components, 
There  are  three  types  of  measurements  per¬ 
formed  routinely.  As  discussed  in  some  detail 
in  Reference  74,  they  are 

1.  Antenna  pattern  measurements. 

2.  Radar  cross-section  measurements  of 
passive  or  active  targets. 

3.  Antenna  impedance,  antenna  coupling, 
or  antenna-RFI-compatibility  measure¬ 
ments. 

As-rma  pattern,  boresight,  and  radome  work 
in.  ’'be  operation  of  the  chamber  with  one-way 
energy  propagation  only.  The  prime  require¬ 
ment  is  that  an  appropriate  transmitting  an- 
tenna  at  one  location  within  the  chamber  set 
up  an  essentially  plane-wave  field  in  dimen¬ 
sions  sufficient  to  encompass  the  antenna  or 
array  whose  characteristics  are  to  be  measured. 
The  volume  of  this  field  is  frequently  referred 
to  as  the  quiet  zone  and  its  "quietness”  or  re¬ 
flectivity  level  is  evaluated  by  one  of  several 


methods  discussed  in  the  following  paragraphs. 
All  of  these  methods  involve  determination  of 
the  ratio  of  the  reflected  field  intensity  to  the 
direct  transmitted  field  intensity  at  points  of 
interest  with  the  specific  antennas  and  antenna 
orientations. 

Major  emphasis  in  this  purt  is  placed  upon  the 
functioning  of  anechoic  chambers  having  one¬ 
way  energy  propagation  as  is  appropriate  to  most 
radome  boresight  testing.  Radar  cross-section 
and  antenna  impedance  measurements  require 
energy  propagation  both  from  and  to  the 
vicinity  of  the  transmitting  antenna.  Some  dif¬ 
ferences  in  chamber  design  may  be  involved 
and  evaluation  procedures  are  quite  different 
for  two-way  energy  propagation.  No  discussion 
of  these  procedures  is  included  hero  but  the 
reader  is  referred  to  References  76  and  76  for 
information  on  radar  cross-section  perform¬ 
ance  and  evaluation  of  anechoic  chambers. 

5-12  DESIGN  OF  MICROWAVE  ANECHOIC 
CHAMBERS 

The  achievement  of  the  lowest  possible  level 
of  reflected  energy  in  an  anechoic  chamber  de¬ 
pends  upon  the  proper  manipulation  of  two 
variables : 

1.  The  characteristics  of  the  absorbing  ma¬ 
terials  used  to  cover  the  internal  cham¬ 
ber  surfaces. 

2.  The  shaping  of  the  chamber  to  direct 
residual  reflected  energy  away  from  the 
quiet  zone  or  working  volume. 

Reference  77  presents  many  of  the  important 
aspects  of  chamber  design  and  of  absorber  and 
chumber  evaluation.  The  reference  should  be 
used  as  a  general  reference  and  bibliography 
to  supplement,  the  information  given  here. 
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Since  experimentation  with  a  large  anechoic 
chamber  is  prohibitively  expensive  and  since 
several  proven  chamber  configurations  and  ab¬ 
sorber  arrangements  are  available,  the  design 
of  anechoic  chambers  is  usually  best  left  to  ex¬ 
perienced  designers.  The  following  paragraphs 
summarize  various  factors  that  should  be  con¬ 
sidered  in  any  design  effort, 

5-12.1  CHARACTERISTICS  OF  ABSORBING 
MATERIALS 

Currently  available  premium  quality  absorb¬ 
ing  materials  exhibit  reflectivities  of  —40  to 
—50  db  at  normal  incidence  and  under  condi¬ 
tions  of  specular  reflection  at  equul  incidence 
and  reflection  angles  up  to  as  much  as  60°.  This 
means  that  the  energy  reflected  in  the  direction 
of  the  receiving  test  antenna  is  40  to  50  db  be¬ 
low  that  reflected  in  the  same  direction  by  a 
highly  conducting  flat  plate,  but  does  not  mean 
that  the  remaining  major  portion  of  the  inci¬ 
dent  energy  is  totally  absorbed  by  the  material, 
Particularly  when  absorbing  materials  are 
shaped  in  the  form  of  pyramids,  or  cones,  that 
are  relatively  large  with  respect  to  incident 
wavelength,  there  is  a  somewhat  diffuse  scat¬ 
tering  of  unabsorbed  incident  energy  in  essen¬ 
tially  all  directions. 

For  argument’s  sake,  we  might  assume  that 
true  absorption  occurs  for  09%  of  incident  en¬ 
ergy  und  that  zero  through-transmission  results 
because  of  a  metallic  mounting  surface.  There¬ 
fore,  the  remaining  l'/c  of  the  energy  is  re¬ 
flected,  corresponding  to  a  “total”  power  re¬ 
flection  coefficient  of  —20  db.  Conceivably,  scat¬ 
tering  may  be  such  that,  in  any  small  solid 
angular  increment  subtended  by  a  distant  test 
antenna  (including  that  increment  in  the  specu¬ 
lar  direction),  the  energy  reflected  is  60  db  be¬ 
low  thut;  which  would  be  specularly  reflected 
by  a  flat  conducting  surface.  For  any  given  ap¬ 
plication,  therefore,  the  best  “absorber”  fs  the 
one  that  reflects  least  in  those  directions  of 
maximum  interest.  In  a  fiat-wall  antenna  pat¬ 
tern  or  boresight,  range,  the  forward  specular 
direction,  at  areas  midway  between  transmitter 
and  receiver,  is  most  critical.  In  the  cross-sec¬ 
tion  range,  however,  straight  back-scatter  into 
the  region  of  the  transmitting  antenna  may  be 
equally  important  for  the  absorbing  material 
located  in  heavily  illuminated  areas. 
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In  flat-wall  chambers  suitable  for  pattern  and 
boresight  tests,  it  is  usual  practice  to  employ  scat¬ 
tering  absorber  materials  of  long  pyramidal  or 
conical  configurations  over  large  areas  midway 

hptwppti  tVia  nnH  rofloivov  no  wpll  na 

behind  the  receiver,  and  frequently  to  use  less 
expensive  materials  in  other  regions  where  the 
„  usually  stronger  specular  reflection  from  these 
materials  will  not  be  directed  into  the  vicinity 
of  the  receiver. 

Even  with  physically  tapering  absorbing  ma¬ 
terials  that  are  characterized  by  a  strong  ten¬ 
dency  to  scatter  incident  energy  in  many  direc¬ 
tions  at  the  higher  frequencies,  there  is  usually 
a  relatively  strong  specular  component  that 
becomes  more  and  more  predominant  as  fre¬ 
quency  decreases,  because  the  taper  dimensions 
decrease  in  terms  of  wavelength  and  the  ma¬ 
terial  appears  as  a  "smoother”  reflecting  sur¬ 
face.  Shaping  of  the  internal  surfaces  of  the 
chamber  then  offers  advantages  in  directing 
the  more  predominant  specular  reflection  com¬ 
ponent  away  from  the  working  volume. 


5-12.2  SHAPING  OP  THE  ANECHOIC  CHAMBER 

The  simplest  configuration  of  an  anechoic 
chamber  is,  of  course,  a  rectangular  room  with 
flat  internal  surfaces  covered  with  absorbing 
material.  The  obvious  and  experimentally  well 
established  limitation  of  such  a  structure  is 
first-bounce  specular  reflection  of  energy  from 
areas  on  side  walls,  floor,  and  ceiling,  midway 
between  the  transmitting  and  receiving  anten¬ 
nas.  This  assumes,  of  course,  that  the  line  of 
sight  of  the  transmitting  antenna  is  essentially 
parullel  to  these  surfaces,  While  it  may  be  pos¬ 
sible  for  short-range  work  to  transmit  more  or 
less  diagonally  in  a  horizontal  plane  to  min¬ 
imize  side-wall  effects,  one  is  economically 
obliged  for  long-range  operations  to  transmit 
approximately  along  the  axis  of  an  enclosure 
whose  length  is  substantially  greater  than  its 
width  and  its  height. 

Soveral  alternative  steps  can  be  taken  to 
minimize  the  limiting  first-bounce  reflections  of 
a  rectangular  flat-wall  chamber.  Operationally, 
antennas  of  minimum  side-lobe  level  and  mini¬ 
mum  possible  beamwidth  (consistent  with  far- 
held  and  other  experimental  requirements)  will 
reduce  the  illumination  level  of  offending  areas 
near  the  transmitter  and  the  sensitivity  of  the 


receiver  to  reflections  from  the  offending  avers. 
Similar  improvement  is  possible  by  making  the 
chamber  width  and  height  as  large  as  possible 
with  respect  to  transmission  length,  but  eco- 

nnmif*  limitntinna  iwnnllv  urill  nnt  norm  it  until. 

cient  increase  in  these  dimensions  when  trans¬ 
mission  length  exceeds  approximately  50  ft. 

As  mentioned  above,  a  strongly  scattering  ab¬ 
sorber  may  be  used  on  flat  chamber  surfaces 
to  minimize  specularly-reflected  energy  in  the 
frequency  range  where  I  he  absorber  is  an  effec¬ 
tively  “rough”  reflecting  surface.  Neverthe¬ 
less,  the  specular  component  continues  to  pre¬ 
dominate  at  lower  frequencies  and  there  ap¬ 
pears  to  be  a  trend  toward  the  use  of  very 
thick  absorbers  to  keep  this  low-frequency 
region  well  below  the  range  when  maximum 
performance  is  required;  18-in.  pyramidal  ab¬ 
sorbers  have  been  used  for  S-  and  X-band  op¬ 
eration.  This  approach  is  expensive  and  subject 
to  rapidly  diminishing  returns. 

After  maximum  advantage  has  been  gained 
by  the  use  of  directive  antennas  and  by  scatter¬ 
ing  absorbing  materials,  further  reduction  of 
chamber  reflectivity  (or  equivalent  reflectivity 
at  reduced  cost)  is  frequently  possible  by  the 
addition  of  one  of  several  varieties  of  baffles 
or  by  modifications  of  chamber  shape, 

There  is  considerable  controversy  concern¬ 
ing  the  effectiveness  of  baffles  in  improving  the 
performance  of  anechoic  chambers,  much  of 
which  arises  from  proprietary  or  patent-en- 
forced  positions  of  commercial  manufacturers. 
Independent  studies  (References  77  and  78) 
have  concluded  that  appropriate  baffles  can  im¬ 
prove  chamber  performance  when  dimensions 
are  large  in  terms  of  wavelength. 

There  is  ample  evidence  of  the  necessity  for 
greatly  reducing  the  magnitude  of  half-way  re¬ 
flections  from  the  flat  surfaces  of  anechoic 
chambers  as  well  as  from  outdoor  antenna  test 
ranges.  These  reflections,  in  chambers,  were 
particlarly  severe  in  the  days  when  the  best 
absorbers  exhibited  reflectivity  of  only  about 
—20  db  and  were  characterized  by  maximum 
reflection  in  the  specular  direction.  Most  of  the 
common  baffle  configurations  were  developed 
during  that  period. 

Outdoor  test  ranges  were  equipped  with 
transverse  "fences”  to  prevent  illumination  of 
the  areas  half  way  between  transmitter  and  re¬ 
ceiver  and  the  diffraction  effects  from  the  top 
edge  of  the  fence  were  much  more  easily  toler- 
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able  than  the  ground  reflections  that  they  re¬ 
placed.  The  idea  of  the  transverse  fence  was  ap¬ 
plied  to  anechoic  chambers  in  the  form  of  a 
shallow,  transverse  absorber-covered  baffle 
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ceiling,  approximately  midway  between  the 
transmitting  and  receiving  stations.  The  idea 
was  soon  extended  to  a  series  of  transverse  baf¬ 
fles  to  accommodate  different  transmission 
lengths  in  the  same  chamber.  Rather  elaborate 
shaping  of  transverse  baffles  was  used  in  an 
effort  to  entrap  reflected  energy  and/or  to  en¬ 
sure  that  all  but  direct-ray  energy  to  the  quiet 
zone  suffered  two,  three,  or  even  more  reflec¬ 
tions  (References  79  and  80). 

The  performance  limitation  in  a  chamber  hav¬ 
ing  many  transverse  baffles  is  imposed  by  edge- 


diffracted  energy  from  the  peaks  of  the  baf¬ 
fles.  Such  energy  has  a  sizable  forward-scat¬ 
tered  component  over  which  very  little  control 
can  be  exercised  by  choice  of  absorbing  mate- 
lial.  These  considerations  prompted  the  "aper¬ 
ture-type”  chamber,  in  which  the  basic  elemcn* 
is  a  single  transverse  baffle  (preferably  placed 
close  to  the  transmitting  end  of  the  chamber) 
having  an  opening  sufficiently  small  so  that  di¬ 
rect  illumination  of  side,  floor,  and  ceiling  sur¬ 
faces  on  the  receiving  side  of  the  aperture  is  not 
possible  (Reference  81). 

Figure  5-51  is  a  view  through  the  aperture 
toward  the  transmitter  in  Eccosorb  Anechoic 
Chamber  No.  225  at  Wnrner-Robins  Air  Force 
Base,  Georgia.  This  chamber  was  designed 
specifically  for  boresighting  operations  on  cer- 


394 


MAGE*, 


-RECEIVER 


TRANSMITTER  AND  IMAGES 


-RECEIVER 


Figure  5-52.  Evolution  ol  Aperture  and  Funnel  Anechoit  Chamber t 


tain  B-58  antennas  and  the  transmission  length 
is  approximately  1000  in.  Performance  of  this 
and  similar  chambers  is  discussed  in  the  fol¬ 
lowing  paragraph. 

Figure  6-52  illustrates  the  evolution  (from  a 
rectangular  box)  of  the  aperture-type  chamber 
and,  more  recently,  the  funnel  or  horn  type.  In 
Fig.  6-62A,  energy  reflected  from  regions  mid¬ 
way  between  transmitter  and  receiver  appears 
to  proceed  toward  the  receiver  from  the  image 
points  shown.  In  addition  to  phase  shifts  oc¬ 
curring  at  the  reflection  points,  the  considera¬ 
ble  difference  in  path  length  to  the  receiver 
along  the  direct-ray  path  from  the  transmitter 
and  along  the  reflected-ray  paths  from  the 
images,  generates  a  pronounced  interference 
pattern  between  the  direct  and  reflected  rays 
as  a  function  of  receiver  position.  The  path 
length  difference  also  permits  substantial 
changes  in  the  interference  pattern  with 
changes  in  frequency. 

In  Fig.  5-52B,  the  aperture  edges  constitute 
the  major  reflection  points  and,  since  these 


points  are  closer  to  the  direct-ray  path  than 
those  in  Fig.  5-52A,  the  transmitter  images 
approach  the  transmitter.  The  differences  be¬ 
tween  direct -ray  and  reflected-ray  path  lengths 
are  much  less  in  the  aperture  chamber  and  the 
cycles  of  the  interference  pattern  are  physically 
much  longer.  This  effect,  coupled  with  the  re¬ 
duced  magnitude  of  reflected  energy  at  the 
aperture  edges,  results  in  much  more  nearly 
uniform  illumination  of  the  chamber  in  the 
vicinity  of  the  receiver  and,  therefore,  much 
lower  chamber  reflectivity. 

The  aperture-type  chamber,  in  addition  to 
exhibiting  lower  reflectivity  than  the  rectangu¬ 
lar  box  type,  can  have  much  reduced  width 
and  height  at  the  transmitting  end,  as  shown 
in  Fig,  5-52B,  and  is  therefore  more  economical. 
A  peri  u  re-type  chambers  have  recently  been  re¬ 
ported  as  very  successful  pulsed  back-scatter 
ranges  (Reference  82). 

As  the  aperture  is  moved  closer  and  closer  to 
the  transmitter,  the  dimensions  of  the  trans¬ 
mitting  end  of  the  chamber  can  be  correspond- 
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ingly  reduced.  The  funnel  of  Fig.  5-62C  appears 
as  the  limiting  ease  in  which  the  aperture  edges 
coincide  with  the  physical  extremities  of  the 
transmitting  antenna  and  ihe  ningiiutiiimi 
chamber  surfaces  are  defined  by  lines  joining 
the  transmitting  antenna  extremities  to  a  suit¬ 
able  limiting  contour  on  the  receiver-end  wall. 
Under  these  conditions,  the  transmitter  and  its 
images  essentially  coincide  and  the  troublesome 
path  length  differences  noted  above  Essentially 
disappear.  The  validity  of  this  argument  be¬ 
comes  nebulous,  of  course,  in  the  frequency 
range  where  a  scattering-type  absorber  on  the 
funnel  generates  diffuse  reflection  components 
comparable  in  magnitude  with  specular  compo¬ 
nents. 

There  are  two  clear  disadvantages  to  the 
limiting  funnel  chamber  configuration  of  Fig. 
5-52C.  First,  the  quiet  zone  must  be  within  the 
flaring  portion  of  the  funnel  for  minimum  re¬ 
flectivity,  rather  than  within  a  rectangular  ex¬ 
tension  of  the  large  end  of  the  flared  section,  for 
example,  as  might  be  desirable  for  a  long  quiet 
zone.  Secondly,  bistatic  reflectivity  measure¬ 
ments  of  a  target  in  the  quiet  zone  are  not 
feasible,  since  separate  transmitting  and  re¬ 
ceiving  antennas  cannot  be  spaced  apart  as  re¬ 
quired  in  the  throat  of  the  funnel.  Addition¬ 
ally,  at  microwave  frequencies,  physical  align¬ 
ment  and  fitting  of  the  transmitting  antenna 
in  the  throat  of  the  funnel  may  be  critical.  A 
few  funnel-type  chambers  have  been  proposed 
or  constructed  by  The  B.  F.  Goodrich  Company. 
Performance  data  and  test  procedures  are  not 
available  to  date. 

The  most  widely  used  type  of  shaped  anechoic 
chamber  is  the  longitudinal  baffle  that  is  de¬ 
signed  to  avoid  the  multiple  edge-diffractiori 
effects  of  many  tranverse  baffles  in  a  chamber 
where  the  transmission  length  must  be  variable. 
Ray  tracing  is  qsed  to  determine  a  configuration 
that  directs  specularly  reflected  energy  away 
from  a  central  cylindrical  quiet  zone  that  ex¬ 
tends  essentially  the  full  length  of  the  chamber 
(Reference  82).  Figure  6-53  illustrates  a  typi¬ 
cal  configuration.  Baffles  of  this  type  are  un¬ 
doubtedly  effective  in  controlling  the  specular 
component  of  energy  reflected  from  side  walls, 
floor,  and  ceiling  of  a  chamber  throughout  the 
frequency  range  where  the  slant  surfaces  of  the 
baffles  extend  at  least  several  wavelengths  in 
the  dimension  normal  to  the  line  of  the  peak. 


Figure  5-53.  Vertical  Trantverte  Section  Through 
Typical  Longitudinal  Baffle  Chamber  Configuration 

Figure  5-54  shows  the  longitudinal  baffle  con¬ 
struction  of  Eccosorb  Anechoic  Chamber  No. 
250,  installed  at  Canadian  Westinghouse  Com¬ 
pany,  Ltd.,  Hamilton,  Ontario.  The  chamber 
was  designed  for  boresight  testing  of  NATO 
aircraft  antennas.  The  transmission  length  is 
approximately  1000  in.  Figure  5-55  illustrates 
a  smaller  chamber  of  similar  design  at 
Motorola,  Scottsdale,  Arizona.  This  chamber  is 
used  for  boresight  testing  of  small-missile  an¬ 
tennas.  Performance  of  these  chambers  is  dis¬ 
cussed  briefly  in  Paragraph  6-14. 

The  end  wall  of  an  anechoic  chamber  behind 
the  receiving  antenna  is  usually  in  the  form  of 
a  vertical  wedge  or  cylinder,  or  at  least  a 
slanted  flat  surface,  so  that  specular  reflections 
are  directed  away  from  the  receiver.  A  flat  wall 
behind  the  transmitting  antenna  is  adequate, 
in  general,  unless  high-level  baeklobes  or  di- 
pole-type  patterns,  for  example,  must  be  tol¬ 
erated  in  the  transmitting  antenna.  In  the  latter 
instances,  baffling  or  shaping  of  the  transmit- 
ting-end  wall  should  be  employed  to  avoid 
specular  reflections  directly  downrange. 

Reference  84  describes  and  illustrates  several 
flat-wall  and  baffled  anechoic  chambers,  as  well 
as  outdoor  test  ranges.  The  emphasis  in  this 
reference  is  on  use  of  these  facilities  as  radar 
cross-section  ranges,  but  many  of  them  are 
obviously  suitable  for  antenna  pattern  and 
boresighting  work. 
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Figure  5-5 4.  Longitudinal-Baffle  E ccosorb  Anechoic  Chamber  No.  250  af 
Canadian  Wettinghoute  Co.,  Ltd.,  Hamilton,  Ontario 


5-13  EVALUATION  OF  MICROWAVE 

ANECHOIC  CHAMBERS  AS  ANTENNA 
PATTERN  AND  BORESIGHT  RANGES 

Many  procedures  for  evaluating  the  reflec¬ 
tivity  of  anechoic  chambers  have  been  em¬ 
ployed.  These  range  from  simple  comparison 
of  antenna  patterns  recorded  in  a  chamber 
with  those  obtained  for  the  same  antenna  on 
a  proven  outdoor  range,  to  much  more  elaborate 
techniques,  such  as  described  in  the  following 
paragraphs.  Most  of  these  procedures  are  refer¬ 
enced  and  summarized  in  Reference  77.  For 
modern  low-reflectivity  chambers,  only  a  few 
techniques  appear  to  be  satisfactorily  compre¬ 
hensive:  (1)  the  “antenna  pattern  comparison” 
procedures  introduced  and  widely  used  by 
Emerson  and  Cuming,  Inc.,  (2)  the  “free  space 
vswr”  technique,  championed  by  The  B.  F. 
Goodrich  Company,  and  (3)  a  thorough  field 
probe  found  valuable  by  several  laboratories, 
particularly  at  VHF  and  lower  UHF  frequen¬ 
cies  where  methods  (1)  and  (2)  may  be  difficult 
to  use.  Each  of  the  above  methods  has  certain 


features  that  make  it  attractive  for  specific 
purposes. 

All  the  procedures  to  be  described  attempt 
to  relate  the  level  of  reflected  field  intensity  to 
direct  transmitted  field  intensity,  under  the 
conditions  of  interest.  In  all  cases,  the  meas¬ 
ured  level  of  reflected  energy  is  dependent  upon 
the  directivity  of  the  antennas  used  in  measur¬ 
ing  the  quantities.  The  purist  would  undoubt¬ 
edly  be  happier  with  defined  characteristics 
that  apply  strictly  to  the  chamber  or  test  range 
itself  under  illumination  by  a  truly  isotropic 
radiator.  While  such  quantities  can  certainly 
be  defined,  their  adequate  measurement  would 
likely  be  difficult,  if  not  impossible,  and  their 
practical  utility  in  predicting  chamber  perform¬ 
ance  with  typically  directive  antennas  would 
be  limited.  Therefore,  it  seems  preferable  to 
recognize  at  the  outset  that  the  errors  in  a 
recorded  antenna  pattern,  for  example,  due  to 
reflected  energy,  depend  not  only  upon  the  dis¬ 
tribution  of  illuminating  energy  (i.e.,  the  di¬ 
rectivity  of  the  transmitting  antenna) ,  but  also 
upon  the  reflected  energy  accepted  by  the  re- 


ceiver  (i.e.,  the  directivity  of  the  receiving 
antenna). 

5-13.1  THE  PATTERN  COMPARISON  EVALUATION 
McIHOu 

The  method  described  here  is  equally  ap¬ 
plicable  to  evaluation  of  the  performance  of  any 
antenna  pattern  range,  whether  it  be  an  open 


range,  outdoors,  or  a  fully  enclosed  microwave 
anechoic  chamber  (Reference  85). 

Evaluation  of  the  performance  of  a  micro- 
wave  anechoic  chamber  where  the  magnitude 
of  the  reflected  field  within  the  design  quiet 
zone  is  required  to  be  below  that  of  the  direct 
field  by  a  specific  number  of  decibels  (frequent¬ 
ly  50  db  or  more  in  today’s  designs)  requires 
precise  measurement  of  extremely  minute  vari¬ 
ations  in  total  received  signal  strength,  eorre- 


Flgur •  5-55,  Longitudinal-Baffle  fccoiorb  Anechoic  Chamber  No.  423  at 
Motorola,  Scottsdale,  Arizona 


398 


j 


sponding  to  in-phaae  and  out-of-phase  addition 
of  direct-ray  and  reflected-field  components, 
For  example,  a  0.055-db  total  excursion  in  the 
peak  value  of  the  main  lobe  of  a  probe  antenna 
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The  accurate  detection  and  read-out  of  such 
a  small  change  in  peak  response  cannot  be  ac- 
i  complished  without  relatively  elaborate  preci¬ 

sion  circuitry.  Therefore,  most  chamber  evalu¬ 
ation  procedures  depend  on  various  “off-peak” 
detection  methods  in  which  the  probe  antenna  is 
oriented  so  that  its  response  tn  "direct-ray”  is 
greatly  reduced  and  the  minute  effects  of  re- 
L  fleeted  energy  are  observed  as  now  relatively 

much  larger  variations.  For  example,  if  the 
main  lobe  of  the  probe  antenna  is  aimed  so 
1  that  the  direct  ray  causes  a  response  20  db 

below  the  peak  value,  the  maximum  excursion 
corresponding  to  quiet  zone  reflectivity  of  —50 
db  is  now  0.56  db  and  is  clearly  observable 
with  standard  pattern  recording  instruments. 
This  is  the  basis  for  the  method  to  be  described. 


5-1 3.  t  .1  Data  Accumulation 

5-13.1.1.1  f«it  Equipment.  The  following  test 
techniques  should  be  adhered  to ; 

Test  Frequencies.  To  make  a  realistic  initial 
evaluation  with  minimum  effort,  tests  may  be 
made  at  a  single  frequency  that  is  in  the  lower 
portion  of  the  microwave  range  where  the  re¬ 
flectivity  of  the  absorbing  material  is  rated  at 
about  —40  db,  since  chamber  performance  al¬ 
most  invariably  improves  at  higher  frequencies 
and  adequate  evaluation  at  very  low  frequen¬ 
cies  poses  special  problems. 

Antennas.  The  transmitting  antenna  is  lo¬ 
cated  and  oriented  in  the  manner  for  which  the 
chamber  was  designed,  usually  near  one  end  of 
the  quiet  zone  with  its  major  lobe  directed 
along  the  chamber  axiB. 

The  receiving  antenna  is  mounted  on  an  azi¬ 
muth  and/or  elevation  positioner  within  the 
design  quiet  zone  and  in  a  transverse  plane  at 
a  typical,  preferably  a  maximum,  distance 
from  the  transmitting  antenna,  thus  to  reveal 
the  minimum  performance  of  the  chamber. 

Directivity  of  noth  antennas  has  a  very  im¬ 
portant  bearing  on  test  results.  Tests  are  made 
usually  with  15-  to-  20-db  antennas,  both  trans¬ 
mitting  and  "eceiving,  and  are  frequently  lim¬ 
ited  to  one  polarization. 


Transmitting  Equipment.  For  the  majority 
of  tests,  transmitting  equipment  is  similar  to 
that  generally  used  in  an  antenna  pattern 
range,  with  output  power  levels  between  100 
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When  tests  are  in  progress,  all  equipment 
and  personnel  must  be  excluded  from  the  part 
of  the  chamber  between  the  transmitting  and 
receiving  antennas  and  should  be  kept  within 
the  area  back  of  the  transmitting  antenna. 

Recording  Equipment.  The  received  signal 
is  preferably  recorded  on  a  standard  rectangu¬ 
lar  pattern  recorder  where  the  pen  continu¬ 
ously  records  relative  signal  strength  in  dec¬ 
ibels  and  the  chart  movement  is  synchronized 
with  azimuth  or  elevation  movement  of  the 
receiving  antenna  positioner. 


5-13.1.1.2  Pattern  Recording.  Sets  of  360°  pat¬ 
terns  (usually  azimuth  patterns)  <  -e  recorded 
with  the  receiving  antenna  locate  iccessively 
at  closely  adjacent  test  points  along  the  radii 
of  the  quiet  zone,  usually  making  one  horizontal 
and  one  vertical  traverse  at  one  polarization. 
A  very  substantial  collection  of  data  shows  that 
this  amount  of  testing  is  sufficient  to  evaluate 
the  performance  of  an  anechoic  chamber  at 
most  frequencies  of  interest. 

For  each  pattern,  the  location  of  the  receiv¬ 
ing  antenna  relative  to  the  chamber  axis  should 
be  known  fairly  accurately  (e.g.,  scale  measure¬ 
ment  to  within  one  or  two  inches).,  and  incre¬ 
ments  of  linear  movement  between  test  stations 
should  be  uniform  (e.g.,  2  in.).  For  horizontal 
traverses,  this  is  commonly  done  by  laying  out 
on  the  chamber  floor  a  series  of  marks  to  which 
a  convenient  reference  point  on  the  antenna 
positioner  can  be  matched  successively.  For 
vertical  traverses,  a  telescoping  column  for  ver¬ 
tical  adjustment  of  the  antenna  can  be  pro¬ 
vided  with  an  appropriate  scale, 

To  facilitate  subsequent  comparison  of  pat¬ 
terns,  the  peak  of  the  main  lobe  of  each  pattern 
is  preferably  set  precisely  at  a  convenient  level, 
such  as  —2  db  on  the  chart,  and  it  may  be  help¬ 
ful  to  center  the  pattern  about  chart  angle 
zero.  It  is  usually  convenient,  for  example,  to 
operate  the  chart  recorder  so  that  the  left-hand 
side  of  a  recorded  azimuth  pattern  corresponds 
to  the  aiming  of  the  receiving  antenna  toward 
the  left-hand  side  of  the  range  as  viewed  from 
the  transmitting  antenna, 
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The  patterns  thus  recorded  provide  all  the 
data  needed  to  derive  a  measure  of  the  reflective 
performance  of  the  chamber. 

The  distance  between  points  at  which  pat¬ 
terns  must  be  recorded  along  any  traverse  de¬ 
pends  primarily  upon  the  test  frequency,  but 
is  influenced  also  by  chamber  geometry.  Pat¬ 
terns  must  be  taken  sufficiently  close  together 
so  that  the  individual  cycles  of  the  interference 
pattern  between  direct-ray  and  reflected  energy 
are  reasonably  well  defined.  This  discussion 
may  be  better  appreciated  after  examination 
of  the  deviation  plots  in  Fig.  5-57.  As  a  general 
rule,  the  following  increments  are  satisfactory : 
4  in.  at  1  gc,  2  in.  at  8  gc,  1  in.  at  10  gc,  and  1/2 
in.  to  3/4  in.  at  26  gc. 

5-13.1.2  Data  Reduction 

Data  reduction  is  discussed  by  means  of  a 
specific  example,  with  the  necessary  mathe¬ 
matical  derivations  and  other  comments  in¬ 
serted  where  applicable. 

The  following  example  is  the  actual  S-band 
evaluation  of  Eccosorb  Anechoic  Chamber  No. 
885,  built  for  the  U.  S,  Army  Electronic  Re¬ 
search  and  Development  Laboratory  at  Fort 
Monmouth,  New  Jersey.  The  outer  dimensions 
of  this  chamber  are:  length,  80  ft;  width,  33  ft; 
and  height,  17  ft.  The  evaluation  described  be¬ 
low  was  performed  at  2.6  gc  using  20-db  pyra¬ 
midal  horn  -antennas  separated  by  approxi¬ 
mately  66  ft.  Azimuth  patterns  with  vertical 
polarization  were  recorded  at  2-in.  increments 
along  two  traverse  lines,  the  lower  vertical 
radius  and  the  left  horizontal  radius  of  the 
quiet  zone,  out  to  a  distance  of  48  in.  from  the 
chamber  axis.  The  patterns  are  analyzed  and 
the  chamber  reflectivity  is  computed  as  follows. 

The  pattern  of  each  set.  that  was  recorded  on 
the  axis  of  the  chamber  is  usually  chosen  as  a 
reference  for  that  set,  but  any  single  pattern 
of  the  set  will  serve  equally  well.  The  remaining 
patterns  of  that  set  are  superimposed  upon 
this  reference  one  by  one,  with  the  peaks  of 
the  main  lobes  coinciding.  This  is  done  most 
conveniently  on  a  translucent  trucing  table 
lighted  from  below, 

Working  typically  at  those  angles  where  the 
reference  pattern  levels  are  —10,  —16,  —20, 
—25,  --SOdb  (and  —36  db,  if  workable)  from 
the  peak  value,  called  “reference  levels,"  the 


level  of  the  superimposed  pattern  at  each  of 
the  same  angles  is  read  off,  not  directly  but  as 
its  deviation,  positive  or  negative  as  the  case 
may  be,  from  the  associated  level  in  the  refer¬ 
ence  pattern.  Other  reference  levels  and  angles 
may  be  used  if  desired. 

Figure  5-66  shows  a  typical  pattern  super¬ 
imposed  on  its  reference  pattern  and  the 
method  of  reading  out  the  deviation.  For  each 
“reference  level”  on  each  side  of  the  reference 
pattern,  the  deviation  from  that  level  of  each 
of  the  other  patterns  is  plotted  vs.  the  radial 
distance  from  the  chamber  axis  to  the  test  point 
at  which  that  pattern  was  recorded.  Figure 
5-67  contains  the  deviation  plots  obtuined  from 
the  left  sides  of  the  set  of  patterns  taken  along 
the  lower  vertical  traverse.  A  similar  set  of 
plots  results  from  the  right  sides  of  this  set  of 
patterns  and  two  additional  sets  are  obtained 
from  the  horizontal  traverse. 

5-1 3. 1 .3  Computation  of  Chambor  Reflectivity 

The  following  steps  indicate  an  orderly  pro¬ 
cedure  for  detailing  the  chamber  reflectivity 
and  illustrate  one  simple  method  for  obtaining 
an  “average”  performance  number.  (After  all 
of  the  "local  reflectivity”  values  have  been  de¬ 
termined  in  step  5,  Home  users  may  wish  to 
compute  standard  deviation  or  mean  deviation 
as  well  as  average  reflectivity.  Other  statistical 
treatment  of  the  data  may  also  be  appropriate.) 
Refer  to  Fig.  5-67,  which  illustrates  the  usual 
computational  steps. 

1.  For  each  reference  level,  establish  the 
envelope  of  the  deviation  plot  by  draw¬ 
ing  a  series  of  straight  lines  that  con¬ 
nect  separately  the  extreme  high  values 
and  the  extreme  low  values.  The  height 
of  this  envelope  is  the  only  characteristic 
of  these  curves  that  is  used  to  extract 
data.  This  will  define  the  several  “local 
cycles”  (both  positive  and  negative  loops 
of  the  curve  are  included)  within  each 
of  which  we  will  determine  “local  re¬ 
flectivity." 

2.  Since  there  may  frequently  be  some 
doubt  as  to  whether  a  short  or  shallow 
ripple  in  a  deviation  curve  actually  con¬ 
stitutes  a  significant  cycle,  the  entire  set 
of  deviation  curves  for  all  reference 
levels  should  be  surveyed  as  a  whole  at 
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Figure  5-56.  Comparing  Pattern*  by  Pattern  Compar/ion  Evaluation  Method 


this  point.  Since  approximately  the  same 
number  of  cycles  usually  exists  at  all 
levelB  and  they  are  in  roughly  the  same 
positions,  such  a  survey  will  usually 
assist  in  deciding  whether  Bmall  ripples 
should  be  included  as  cycles  or  disre¬ 
garded  sb  due  to  instrumentation  or  pro¬ 
cedural  inaccuracies  in  recording  or  in 
deviation  readout. 

In  Home  instances,  cycles  of  length 
typical  of  the  entire  set  may  be  super¬ 
imposed  upon  atypically  long  cycles  of 
greater  amplitude  and  the  longer  cycleB 
may  be  significant  if  they  are  not  clearly 
caused  by  an  effect  such  as  the  beam 
shape  of  the  illuminating  transmitter. 
Such  atypically  long  cycles  have  been 
taken  as  additional  significant  devia¬ 


tions  in  Fig.  5-67  in  the  region  of  24  to 
42  in.  off  axis  (primarily  in  the  region 
outside  the  main  quiet  zone).  Thirteen 
data  producing  cycles  are  identified  at 
all  levels  in  Fig.  6-67,  except  at  —16  db. 
At  this  level,  only  eleven  cycles  are  rea¬ 
sonably  clear  and  these  have  been  ac¬ 
cepted  us  the  complete  Bet,  although  it 
would  be  justified  to  assume  two  addi¬ 
tional  cycles  of  negligible  amplitude. 

To  further  illustrate  this  latter  point, 
it  sometimes  happens  that  the  deviation 
curve  for  the  —10  db  reference  level,  for 
example,  is  essentially  a  straight  line 
except  for  two  obvious  loops,  one  posi¬ 
tive  and  one  negative,  while  the  curves 
for  the  other  levels  show  perhaps  5  loops. 
It  iB  axiomatic  that  a  region  of  very 
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small  amplitude  in  a  deviation  plot  can 
be  indicative  only  of  superior  perform¬ 
ance  and,  therefore,  should  be  included 
in  the  evaluation.  Therefore,  three  loops 
of  negligible  amplitude,  in  addition  to 
the  two  measurable  loops,  should  be  as¬ 
sumed  to  exist  in  this  —10  db  curve. 
Consistent  engineering  judgment  is  es¬ 
sential  in  this  step  and  experience  in 
analyzing  deviation  plots  will  quickly 
establish  confidence  in  the  exercise  of 
such  judgment. 

S.  At  each  reference  level,  determine  the 
"db  spread”  for  each  cycle  as  the  arith¬ 
metic  difference  in  decibel  numbers  be¬ 
tween  each  high  or  low  peak  of  the  de¬ 
viation  plot  and  the  point  on  the  oppo¬ 
site  straight  line  of  the  envelope  directly 
above  or  below  that  peak. 

4.  Determine  the  local  "mean  level"  of  the 
deviation  plot  (corresponding  closely  to 
zero  perturbation  due  to  reflected  en¬ 
ergy)  as  the  arithmetic  mean  of  the 
same  db  numbers  that  define  “db 
spread.” 

5.  Using  these  values  of  the  “db  spread” 
and  the  "mean  level"  (X),  refer  to  the 
chart,  Pig.  5-58,  and  read  the  “local  re¬ 
flectivity"  (Y)  from  the  family  of 
oblique  curves.  Record  this  value  on  the 
deviation  plot  in  clear  relation  to  the 
local  cycle  to  which  it  applies.  (The  de¬ 
rivation  and  applicability  of  Pig.  6-68 
follow  immediately  below.) 

Figure  5-68  is,  in  essence,  a  graphical 
means  of  evaluating  the  ratio  of  the 
magnitudes  of  two  vector  quantities  in 
terms  of  the  ratio  of  the  sum.  of  these 
magnitudes  to  the  difference.  In  the  fol¬ 
lowing  derivation,  let  1.00  represent  the 
magnitude  of  the  peak-of-pattem  direct- 
ray  vector,  let  X1  represent  the  magni¬ 
tude  of  the  off-peak  direct-ray  vector, 
and  let  Y1  represent  the  magnitude  of 
the  reflected-ray  vector;  each  is  ex¬ 
pressed  as  a  fraction  of  the  peak-of-pat- 
tern  or  on-peak  value.  Then  the  maxima 
along  each  cyclical  deviation  plot  corre¬ 
spond  to  the  in-phase  addition  of  the 
local  direct-ray  and  reflected  vectors 
(magnitude  of  sum  =  X1  +  Yl)  and  the 
minima  correspond  to  out-of-phase  addi¬ 
tion  (magnitude  of  sum  =  X1  —  Y1). 


Hence,  for  each  cycle  of  the  deviation 
curve, 

db  spread  =  20  log  ('-X;  vf) 

/ 

(  X1  -f-  Y1  \  ,  ,  /  db  spread  ^ 

Vx*-— y1/  ~  og  1 — 20  J 

(5-40) 


1 

M  _  _L 


db  spread 
20 

db  spread 
20 


-1 

H - X‘ 

■  +1 

(6-41) 


Unless  the  “db  spread”  values  are  very 
large,  only  neglible  error  results  in  as¬ 
suming  that  the  mean  level  =  X  calcu¬ 
lated  in  step  (4)  is  identical  with  X1  and 
hence  to  a  very  good  approximation,  the 
local  reflectivity 
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(5-42) 


Figure  5-68  is  a  plot  of  this  functional 
relationship  and  Y  can  be  read  out  di¬ 
rectly  or  interpolated  as  necessary. 

Although  the  curves  of  Fig.  6-58  are 
plotted  as  straight  lines,  they  are  actu¬ 
ally  very  slightly  concave  upward.  They 
may  be  extrapolated  as  straight  lines  to 
the  left  and  downward  as  far  as  may  be 
desired,  but  should  not  be  extended  up¬ 
ward  and  to  the  right  without  addition¬ 
al  calculations.  For  example,  the  curve 
for  —20  db  reflectivity  should  intersect 
the  — 15-db  abscissa  at  11.05  db,  and  all 
other  curves  should  be  parallel  to  this 
one.  All  lines  are  correct  as  plotted  at 
the  6.7-db  ordinate  value, 

6.  Compute  the  “level  average”  as  the  aver¬ 
age  of  all  “local  reflectivities”  for  each 
reference  level.  In  this  example,  sepa¬ 
rate  averages  are  obtained  for  the  main 
quiet  zone  and  for  the  auxiliary  (lower- 
performance)  zone.  Record  these  values 
at  the  side  of  the  deviation  plot  and  ad¬ 
jacent  to  the  associated  reference  level 
as  shown. 
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7.  Compute  the  “left-aide  average”  re¬ 
flectivity  for  each  zone  as  the  arithmetic 
average  of  all  the  corresponding  “level 
averages.”  RwnrH  fVipap  Kaimi*  the  cc! 

limns  of  "level  averages.” 

8.  Repeat  steps  1  through  7  for  the  devia¬ 
tion  plots  derived  from  the  right-hand 
sides  of  the  patterns  for  this  same 
traverse  and  thereby  obtain  the  “right- 
side  average”  reflectivities, 

9.  Average  the  left-side  and  right-side 
averages  of  steps  7  and  8  to  obtain  the 


“traverse  figure”  applicable  to  the  set  of 
patterns  analyzed, 

10.  Repeat  Bteps  1  through  9  for  all  other 
.  traverses,  if  any,  pet  funned  at  ine  same 

frequency  and  range,  but  with  other 
polarizations  or  other  directions  of  trav¬ 
erse. 

11.  Average  all  the  “traverse  figures”  from 
steps  9  and  10  to  obtain  the  “overall  aver¬ 
age”  reflectivity  of  the  chamber  for  each 
zone  at  the  given  test  frequency  and 
range  for  the  antennas  and  antenna  con¬ 
figuration  used. 


Figure  5-59.  Perturbation  of  Antenna  Pattern  by  Perfected  Cnargy 
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5-13.2  THE  FREE-SPACE  VS  WE  EVALUATION 
METHOD 

Since  there  does  not  appear  to  be  any  readily 
available  reference  that  describes  this  tech¬ 
nique  in  detail,  the  following  excerpts  from 
Reference  77  serve  as  a  summary. 

Transmitting  and  receiving  horns  are  set  up 
us  they  would  be  for  an  antenna  pattern  test. 
Room  reflectivity  data  are  obtained  as  a  *  unc¬ 
tion  of  the  aspect  angle,  </>,  of  the  receiving 
horn,  with  <p  varied  in  discrete  steps  (for  exam¬ 
ple,  10°)  from  <)>  0"  (looking  at  the  transmit¬ 

ter)  to  <t>  =  180°.  At  each  aspect,  the  horn  is 
moved  back  and  forth  along  its  axis  to  prodv  ^ 
a  change  in  the  received  signal  from  a  maxi¬ 
mum  to  a  minimum.  It  is  assumed  that  this  re¬ 
sults  from  the  in-  and  out-of-phase  addition  of 
the  direct  signal  Et  and  the  reflected  signal  Ej, 
the  ratio  of  which  can  be  obtained  from  the 
maximum  to  minimum  ratio  R  using  Eq. 
5-43. 

Ej  =  E,  -§=y  (5-43) 

The  value  used  for  Et  depends  on  the  orienta¬ 
tion  of  the  horn  and  is  found  from  the  average 
signal  received  as  the  horn  is  moved  along  its 
axis  by  normalizing  this  relative  to  the  peak 
value  observed  when  <f>  —  0°. 

This  B.  F.  Goodrich  method  provides  the 
ratio  for  one  antenna  location  as  a  function  of 
the  receiver  orientation.  The  measurement 
would  be  repeated  for  the  desired  number  of 
locations  within  the  quiet  zone  to  give  a  com¬ 
plete  picture  of  the  room  performance. 

5-13.3  THE  FIELD-PROBE  EVALUATION  METHOD 

Neither  the  pattern  comparison  procedure 
nor  the  free-space  vawr  technique,  as  described 
above,  extracts  detailed  information  about  the 
uniformity  of  the  total  illuminating  field  over 
wide  areas.  For  strictly  pattern  work,  when  the 
shape  of  an  anttenna  pattern  is  the  character¬ 
istic  under  study,  relatively  large  variations  in 
illumination  level  within  the  quiet  zone  are 
tolerable  if  the  antenna  aperture  is  small  with 
respect  to  the  dimensions  of  the  quiet  zone.  Un¬ 
der  such  circumstances,  the  pattern  comparison 
procedure  is  highly  instructive,  since  it  gives 
range  performance  in  termH  of  atnall  changes 
in  pattern  shape. 


Where  accurate  measurements  of  antenna 
gain  must  be  made  and  when  the  aperture  of 
tin*  »*»»»>  standard  antenna  is  significantly  dif¬ 
ferent  in  shape  or  size  from  the  aperture  of 
the  antenna  under  test,  uniformity  of  illuminat¬ 
ing  field  is  of  greater  importance  than  in  the 
above  application.  If  it  can  be  assumed  that 
transmitter  power  and  receiver  sensitivity 
remain  constant,  then  the  variations  of  the 
on-peuk  or  zero-aspect  response  of  the  test  an¬ 
tenna  observed  as  a  function  of  antenna  posi¬ 
tion  in  either  the  pattern  comparison  or  free- 
space  vswr  technique  constitute  a  partial  map 
of  the  illuminating  field  magnitude.  A  survey 
more  nearly  complete  than  provided  by  the 
above  techniques  may  be  required  when  field- 
intensity  variations  throughout  a  sizable  vol¬ 
ume  must  be  known.  Point-by-point  measure¬ 
ments  are  tedious  and  time  consuming,  and 
long-time  equipment  stability  may  seriously 
limit  accuracy. 

Probing  and  mupping  of  illuminating  Field  in¬ 
tensity  have  been  automated  to  some  extent  by 
driving  a  probe  receiving  antenna  along  a 
straight-line  path  by  means  of  a  lead  screw 
while  a  strip-chart  recorder  plots  antenna  re¬ 
sponse  vs.  antenna  position.  Care  must  be  taken 
to  prevent  interfering  reflections  from  moving 
parts  and  different  orientations  of  the  lead 
screw  require  a  fairly  elaborate  supporting 
mechanism.  OfF-peuk  orientation  of  the  probe 
antonna  can  be  used  both  to  relax  the  required 
precision  of  recording  and  to  obtain  additional 
information  about  chamber  performance. 

When  variations  of  field  intensity  of  less  than 
about  0.1  db  are  to  be  measured  accurately, 
ordinarily  available  equipment  stability  is  in¬ 
sufficient  and  instrumentation  becomes  more 
elaborate.  From  Fig.  5-58,  a  0.1-db  peak-to- 
peak  perturbation  of  the  on-peak  (X  =  0)  level 
corresponds  to  a  reflectivity  of  —45  db.  Refer¬ 
ence  86  describes  a  null-balance  technique  for 
point-to-point  measurement  of  field  intensity 
variations  down  to  0.01  db.  A  two-channel  com¬ 
parison  system  uses  the  following: 

1.  A  moving  receiving  antenna,  oriented  for 
maximum  output,  to  probe  the  field  as  re¬ 
quired. 

2.  A  stationary  pickup  antenna,  or  other 
means  of  sampling  transmitter  output,  to 
provide  a  reference  energy  level. 

3.  An  accurate  amplitude-sensitive  null  de¬ 
tector  capable  of  measuring  minute  differ- 
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ences  between  the  response  of  the  moving 
antenna  and  the  reference  signal  (e,g„ 
Weinschel  Dual-Channel  Insertion  Loss 
Test  Set). 

Curves  of  the  response  of  the  receiving  an¬ 
tenna  vs.  its  transverse  off-center  position  show 
cyclic  variations  very  similar  to  the  deviation 
curves  of  Fig.  5-49,  and  chamber  reflectivity  may 
be  derived  as  in  the  pattern  comparison  pro¬ 
cedure  by  entering  Fig.  5-58  at  the  X  =  0  or 
peak-of -pattern  level  with  the  values  of  the  db 
spread  measured  from  the  curves.  Curve  plot¬ 
ting  is  not  necessary  if  it  is  known  that  the  pat¬ 
tern  of  the  transmitting  antenna  has  resulted 
in  field  intensity  variations  very  much  smaller 
than  those  observed  by  the  moving  probe,  It  is 
then  sufficient  to  note  the  decibel  differences 
between  the  maximum  and  minimum  probe  out¬ 
puts  and  enter  Fig.  5-58  with  these  differences 
at  X  ~  0.  Alternatively,  the  following  equation 
may  be  used : 

•  (5-44) 

where  E[  =  unity,  since  the  on-peak  probe 
output  has  been  recorded 
R  =  numerical  ratio  of  maximum  to 
minimum  field  strengths 
.  Es  =  effected  reflected  field  strength 
expressed  as  a  fraction  (e.g.,  0.01, 
corresponding  to  —40  db) 

If  the  volume  explored  by  the  probe  antenna 
is  very  large  or  three-dimensional,  inverse- 
square  corrections  for  the  varying  distance  be¬ 
tween  the  transmitter  and  the  probe  must  be 
included  unless  they  are  very  much  smaller 
than  the  observed  variations  of  the  probe  out¬ 
put. 

5-13.4  COMPARISON  OF  EVALUATION  METHODS 
AND  THEIR  APPLICABILITY  TO 
BORESIGHT  RANGES 

The  field-probe  evaluation  technique  is  by  far 
the  most  rigorous  of  the  test  procedures  de¬ 
scribed.  It  is  required  for  h  typical  pattern 
range  only  when  detailed  information  about 
field  uniformity  is  needed  to  ensure  the  accu¬ 
racy  of  absolute  gain  measurements.  One  of  the 
other  procedures  is  entirely  adequate  in  most 
cases  where  accuracy  of  pattern  shape  is  the 
antenna  characteristic  of  major  interest.  Never¬ 


theless,  when  the  field-probe  method  is  auto¬ 
mated  to  the  extent  that  curves  similar  to  those 
of  Fig.  5-57  can  be  recorded  directly  without 
the  necessity  of  recording  and  comparing  pat¬ 
terns,  this  is  a  relatively  rapid  test  procedure. 

The  reflectivity  levels  measured  by  the  meth¬ 
ods  described  can  be  related  to  the  accuracy  of 
the  bo  resight  measurements  when  detailed 
knowledge  of  the  antenna  patterns  to  be  tested 
is  at  hand.  Figure  5-58  permits  readout  of  the 
peak-to-peak  variation  at  any  pattern  level 
caused  by  measured  reflectivity  and  the  corre¬ 
sponding  angular  variations  are  immediately 
evident  from  the  known  pattern.  When  using 
the  pattern  comparison  procedure  for  evalua¬ 
tion  of  a  boresight  range,  it  may  be  sufficient 
to  compare  patterns,  for  example,  near  the  level 
corresponding  to  pattern  crossover  in  a  mono¬ 
pulse  system  to  obtain  a  direct  indication  of  the 
angular  resolution  permitted  by  range  reflec¬ 
tions. 

The  vswr  evaluation  method  should  also  in¬ 
dicate  the  boresight  resolution  directly  when 
the  antenna  to  be  boresighted  is  used  as  the 
probe  and  is  oriented  at  the  crossover  angle,  for 
example.  Motion  of  the  antenna  in  a  direction 
at  right  angles  to  the  transmitter  line  of  sight 
may  be  equally  as  important  as  motion  along 
the  probe  axis. 

When  a  beam  seeker  or  null  seeker,  such  as 
the  Carco  Electronics  or  California  Technical 
Industries  boresight-error  measuring  system  is 
employed,  u  field  probe  in  the  transverse  plane 
by  an  antenna  oriented  for  peak  response  on 
axis  should  yield  data  that  are  easily  interpret¬ 
ed  in  terms  of  angular  resolution. 

5-14  PERFORMANCE  OF  MICROWAVE 

ANECHOIC  CHAMBERS  AS  ANTENNA 
PATTERN  AND  BORESIGHT  RANGES 

This  paragraph  summarizes  the  measured 
performance  of  several  anechoic  chambers  that 
were  designed  for  boresighting  tests. 

Eccosorb  Anechoic  Chamber  No.  225,  of  ,1;he 
aperture  type,  as  shown  in  Fig.  6-52,  is  lo¬ 
cated  at  Warner-Robins  Air  Force  Base, 
Georgia.  Chamber  dimensions  are  approxi¬ 
mately  31  ft  wide,  26  ft  high,  and  102  ft  long. 
The  chamber  was  evaluated  at  13.5  gc  by  the 
null-balance  technique  of  probing  the  field  in 
the  vicinity  of  the  receiving  antennas.  In  this 
case,  the  probe  antenna  was  one  of  the  22-db 
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pyramidal  horns  that  are  used  in  the  California 
Technical  Industries  Beam  Seeker  installed  as 
part  of  the  boresight  test  facility.  The  probe 
was  traversed  ±35  in.  horlzuiiLui.y  with  respect 
to  chamber  axis  and  ±21  in.  vertically  in  a 
plane  normal  to  the  chamber  axis  at  a  distance 
of  1160  in.  from  the  location  of  the  transmitting 
antennas  being  boresighted.  Average  reflec¬ 
tivity  varied  from  —52  db  to  —65  db,  de¬ 
pending  upon  the  beamwidth  of  the  parabolic 
orange-peel  antennas  under  test.  These  reflec¬ 
tivity  levels  correspond  to  peak-to-peak  varia¬ 
tions  of  0.03  to  0.046  db  in  the  illuminating  field 
strength. 

The  longitudinally  baffled  Eccosorb  Anechoic 
Chamber  No.  250,  Fig.  5-54,  was  installed  at 
Canadian  Westinghouse  Co.,  Ltd.,  Hamilton, 
Ontario,  Canada  for  boresight  testing  of  X- 
band  monopulse  antenna  systems.  This  cham¬ 
ber,  whose  dimensions  are  approximately  30  ft 
X  30  ft  X  98  ft,  was  evaluated  by  both  the  null- 
balance  and  pattern  comparison  methods  at 
9.375  gc  with  a  separation  of  900  to  1000  in. 
between  the  transmitting  and  receiving  an¬ 
tennas.  A  20-db-gain  transmitting  antenna  was 
used  in  both  tests.  In  the  field-probe  test,  6-ft 
long  traverses  of  a  15-db  probe  antenna  were 
executed  along  horizontal,  vertical,  and  46-de¬ 
gree  diameters  of  the  quiet  zone  at  the  receiv¬ 
ing  end,  and  the  measured  average  reflectivity 
was  —41  db,  corresponding  to  an  average  peak- 
to-peak  variation  of  approximately  0,16  db  in 
illuminating  field  strength.  In  the  pattern  com¬ 
parison  tests,  patterns  of  a  20-db  receiving- 
horn  antenna  were  recorded  at  1-in.  increments 
along  vertical  and  horizontal  radii  of  the  6-ft 
diameter  quiet  zone  and  an  average  reflectivity 
of  —64  db  was  computed.  The  difference  be¬ 
tween  this  value  of  —54  db  and  the  value  of 


—  41  db  indicated  by  ttie  field-probe  technique 
is  caused  by  two  factors: 

1.  Directivity  of  the  receiving  antenna  was 
o  rtb  greater  in  the  pattern  comparison 
test. 

2.  Normalization  of  pattern  peaks  were  used 
in  the  pattern  comparison  data  reduction, 
so  that  computed  reflectivity  is  based  only 
upon  the  shape  of  the  recorded  putterns 
rather  than  upon  small  variations  in 
peak-of-pattern  level. 

A  chamber  installed  at  N.  V,  Hollandse  Sig- 
nanlapparaten  in  the  Netherlands  is  essentially 
identical  with  the  Canadian  Westinghouse  fa¬ 
cility  and  was  evaluated  by  a  slightly  modified 
pattern  comparison  procedure.  The  measured 
reflectivity  of  —53  db  compares  very  favorably 
with  —54  db  in  the  Canadian  chamber, 

Eccosorb  Anechoic  Chamber  No.  423,  Fig. 
5-65,  is  a  smaller,  longitudinally  baffled  anechoic 
chamber  (16  ft  X  16  ft  X  28  ft)  in  use  at 
Motorola  Inc.,  Scottsdale,  Arizona  for  produc¬ 
tion  boresight  tasting  of  small-missile  seeker 
antennas.  Evaluation  of  this  chamber  was  by 
the  pattern  comparison  procedure  at  9  gc  using 
vertically  polarized  20-db  horn  transmitter  and 
receiver  at  a  separation  of  approximately  20 
ft,  The  patterns  recorded  at  1-in,  increments 
along  36-in,  horizontal  and  13-in,  vertical  trav¬ 
erses  showed  no  deviation  within  ±72°  that  was 
sufficient  to  indicate  a  reflectivity  greater  than 
—66  db,  Similar  tests,  using  as  a  receiver  the 
circularly  polarized  Motorola  antenna  to  be 
boresighted,  showed  no  detectable  deviation  at 
any  pattern  level  down  to  30  db  below  peak.  At 
the  critical  —  3-db  pattern  points  on  this  an¬ 
tenna,  a  reflectivity  of  —65  db  corresponds  to 
n  peak-to-peak  perturbation  of  0.013  db  and  to 
an  angular  resolution  of  ±0.01". 
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CHAPTER  6 


HYPERSONIC  RADOME  APPLICATIONS 


by  R.  W.  Sutton 
The  hoeing  Company 
Seattle,  Washington 


SYMBOLS 


A - 

moa 

q 

Heating  rate,  Btu/fts-sec 

c 

Concentration  (moles/cc) ; 

qi.ri- 

Laminar  flow,  flat-plate  heating 

ratio  —  PwMw 

qi.« 

rate,  Btu/fta-sec 

P«M« 

Laminar  flow,  stagnation  heating 

Gp 

Specific  heat  at  constant  pressure 

rate,  Btu/ft--sec 

Cl 

Laminar  concentration 

* 

Qwr 

Turbulent  flow,  flat-plate  heating 

D 

Drag  =  l/upxV-CuA ;  diameter 

rate,  Btu/ftJ-sec 

E 

Modulus  of  elasticity 

Qth 

Turbulent  flow,  stagnation  heating 

IPD 

Insertion  phase  difference 

rate,  Bt,u/ft2-sec 

K 

Thermal  conductivity 

qTm>i 

Maximum  turbulent  heating  rate 

M 

Thermal  shock  merit  index 

near  the  sonic  point,  Btu/ft--sec 

N. 

Number  of  electrons/meter1* 

r 

Radius 

R 

Radius ;  range 

r. 

Radius  of  earth,  naut,  mi 

Ro 

Nose  tip  radius 

ri 

Radius  of  segment  i  (to  centroid) 

T 

Temperature 

from  center  of  cylinder 

Toll! 

Equilibrium  temperature 

t 

Time,  sec 

T, 

Wall  temperature 

tan  8 

Loss  tangent 

V 

Flight  velocity,  ft/sec 

X 

Distance,  ft 

V, 

Initial  velocity  prior  to  reentry, 

X| 

Thickness  of  segment  i 

V. 

ft/sec 

a 

Angle  of  attack,  degrees;  coefficient 

Free-stream  velocity,  ft/sec 

of  thermal  expansion;  attenuation 

w 

Weight,  lb 

constant 

w/cda 

Ballistic  parameter 

ft 

Phase  constant 

W/ClA 

Glide  parameter 

y 

Ratio  of  specific  heats ;  reentry 

X 

Distance  from  tip,  ft 

angle 

z 

Polarization 

8 

Tensile  strength,  psi 

a 

Inside  radius  of  cylinder;  half  thick¬ 
ness  of  plate 

e 

Density  ratio  across  the  shock  = 
p«/p„;  emittance;  dielectric  con¬ 

b 

Outside  radius  of  cylinder 

stant 

bmlii 

Minimum  acceptable  thickness  of 

«<> 

Dielectric  constant  of  free  space 

ablative  window,  ft 

<r 

Dielectric  constant,  relative 

C 

Velocity  of  light 

V 

A  constant  relating  atmospheric 

e  ,, 

Charge  of  electron,  coulombs 

density  to  altitude  ^  4.15  x  10~n/ 

s 

Gravitational  acceleration 

1 

ft-1 

h 

Altitude,  ft;  enthalpy,  ft/sec;  heat 

X 

Wavelength  of  incident  radiation 

transfer  coefficient 

fX 

Poisson’s  ratio 

b.M 

Heat  of  ablation,  Btu/lb 

V 

Electron  collision  frequency 

b. 

Stagnation  enthalpy,  ftVsec2 

p 

Density,  lb/ftn 

h. 

Wall  enthalpy,  ftVsec2 

r 

par 

Density  at  sea  level 

i 

Number  of  each  segment;  V—T 

p» 

Free-space  density 

j 

Segment  being  investigated 

o* 

Altitude  density  ratio  =  px/pH\.\ 

k 

Dielectric  constant 

stress,  psi 

m 

Mass  of  an  electron,  kilograms;  an 

<r  r 

Radial  stress,  psi 

integer 

crx 

Tangential  stress,  psi 

P 

An  integer 

<Tt 

Angular  stress,  psi 

q 

Heat  per  unit  area,  Btu/ft“;  total 

c rz 

Longitudinal  stress,  psi 

number  of  segments 

to 

Signal  angular  frequency 

Qt 

Total  heat  input,  Btu/fta 

wp 

Plasma  frequency 
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CHAPTER  6 

HYPERSONIC  RADOME  APPLICATIONS 


6-1  INTRODUCTION 

The  design  of  a  radome  for  a  World  War  II 
aircraft  was  initially  a  challenging  problem. 
However,  by  the  end  of  the  war,  analytical  and 
empirical  techniques  had  been  developed  that 
permitted  the  engineer  to  approach  the  design 
of  an  aircraft  radome  as  a  routine  problem. 
This  situation  changed  with  the  development 
of  aircraft  and  missiles  capable  of  supersonic 
flight  in  the  early  19f0’a.  Their  aerodynamic 
requirements  dictated  rudomes  with  high  fine¬ 
ness  ratios.  The  range  of  incident  angles  seen 
by  energy  from  the  radar  antenna  striking  the 
inner  surface  of  the  radome  often  ranged  from 
0°  to  76°,  making  the  electrical  design  of  the 
radome  difficult.  To  further  complicate  the 
problem,  the  aerodynamic  heating  associated 
with  supersonic  flight  produced  changes  in  both 
the  physical  and  electrical  properties  of  the  ra¬ 
dome  material. 

New  materials  were  required  that  would  en¬ 
sure  the  physical  integrity  of  the  radome  at 
the  elevated  temperature  and  that  were  also 
suitable  electrically,  The  challenge  was  met  by 
the  development  of  polyester  and  epoxy  lam¬ 
inated  fiberglass  radomes  capable  of  short-term 
use  to  600°F  and  extended  use  to  400°F  (see 
Chapter  4,  Party  II).  Electrical  design  proce¬ 
dures  were  developed  to  account  for  the  changes 
in  electrical  thickness  produced  by  temperature 
changes  occurring  during  flight.  The  design  of 
a  radome  became  a  compromise  involving  the 
flight  profile  of  the  vehicle,  the'  temperature  de¬ 
pendence  of  the  physical  and  electrical  proper¬ 
ties  of  the  radome  material,  and  its  desired  (or 
required)  boreBight  error,  error  rate,  and  r-f 
transmission  characteristics.  Rain  erosion  of 
the  radome  surface,  which  had  been  a  bother¬ 
some  but  tolerable  problem  for  subsonic  vehi¬ 


cles,  became  a  subject  of  great  concern.  Resili¬ 
ent  rain  erosion  boots  and  paint-on  coatlngB, 
which  had  proved  successful  at  subsonic  veloci¬ 
ties,  offered  little  protection  above  Mach  2.  To 
date,  the  rain  erosion  problem  for  velocities 
greater  than  Mach  2  has  not  been  Bolved,  ex¬ 
cept  for  the  use  of  ceramic  radomes  (see  Chap¬ 
ter  3). 

When  interceptor  missile  velocities  began  to 
exceed  Mach  3,  ceramic  and  tflass-ceramic  ra¬ 
domes  came  into  use  (see  Chapter  4,  Part  I). 
Although  their  use  eased  the  temperature  prob¬ 
lem,  ceramic  radomes  brought  with  them  an 
entirely  new  set  set  of  design  problems.  The 
organic  resin-fiberglass  laminates  were  rela¬ 
tively  flexible,  whereas  ceramic  radomeB  were 
quite  brittle.  The  design  of  an  attachment  was 
a  formidable  problem,  one  that  had  not  been 
encountered  in  fiberglass  radomes.  The  problem 
of  thermal  shock  became  one  of  great  concern, 
since  a  thermal  shock  failure  was  generally 
catastrophic  and  meant  loss  of  the  vehicle  (see 
Paragraphs  1-1,6  and  8-6). 

In  spite  of  the  problems,  ceramic  radomes 
begun  to  appear  on  operational  missiles  in  the 
latter  1950's  and  are  quite  widely  used  now. 

In  the  mid-1960's,  requirements  were  being 
generated  for  vehicles  with  earth  orbital  and 
atmospheric  reentry  capabilities.  Such  vehicles 
were  to  be  of  both  the  manned  and  unmanned 
variety,  but,  in  either  case,  were  to  require  com¬ 
munication  systems  that  operated  before,  dur¬ 
ing,  and  after  reentry.  Again,  an  entirely  new 
set  of  requirements  and  problems  was  gen¬ 
erated  for  the  radome  engineer.  Because  of  the 
extremely  high  heating  rates  encountered  dur¬ 
ing  reentry,  the  typical  forward-mounted  ogival 
shaped  radome  appeared  to  be  ruled  out.  Ra¬ 
domes  for  hypersonic  orbital  and  reentry  vehi¬ 
cles  have,  with  few  exceptions,  taken  the  form 
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of  flush-mounted  windows  generally  located 
well  aft  of  the  bow  shock  region.  Because  of 
uie  high  nettling  mice,  electromagnetic  win- 
dows  for  hypersonic  reentry  vehicles  have  often 
been  of  the  ablative  type,  wherein  cooling  is 
accomplished  by  allowing  certain  physical, 
chemical,  and  mass  transfer  processes  to  take 
place  at  the  surface. 

An  electromagnetic  design  problem  unique 
to  the  hypersonic  vehicle  is  that  of  transmission 
through  the  plasma  sheath.  While  not  specifi¬ 
cally  a  part  of  the  electromagnetic  window  de¬ 
sign,  the  effect  of  the  plasma  sheath  is  of  great 
concern.  Briefly,  the  plasma  sheath  is  a  layer 
of  ionized  air  that  covers  a  reentering  hyper¬ 
sonic  vehicle  or,  for  that  matter,  any  vehicle 
in  the  atmosphere  that  exceeds  a  velocity  of 
about  Mach  10.  The  thickness  and  density  of  the 
plasma  is  a  function  of  altitude,  velocity,  loca¬ 
tion  on  the  vehicle,  and  shape  factor  of  the 
vehicle.  As  a  simplification,  the  plasma  sheath 
can  be  thought  of  as  an  electromagnetic  win¬ 
dow  and  can  take  on  the  properties  of  a  dielec¬ 
tric,  or  even  a  conductor,  under  certain  com¬ 
binations  of  the  above  conditions  and  operating 
frequency. 

We  have  discussed  how  radome  design  has 
progressed  from  the  relatively  simplo  require¬ 
ments  of  a  Bubsonic  aircraft  to  the  complexi¬ 
ties  of  an  electromagnetic  window  for  a  hyper¬ 
sonic  vehicle.  At  this  point,  a  closer  look  at  the 
specific  steps  that  should  be  taken  in  determin¬ 
ing  the  requirements  and  approaching  the  so¬ 
lution  to  the  design  of  an  electromagnetic  win¬ 
dow  for  a  hypersonic  vehicle  is  in  order. 

6-1.1  DETERMINATION  OF  THE  THERMAL 
ENVIRONMENT 

Before  any  specific  approach  can  be  con¬ 
sidered,  the  thermal  environment  in  which  the 
window  will  operate  must  be  determined.  This 
will  be  dependent  to  a  great  extent  on  the  mis¬ 
sion  profile  of  the  vehicle.  If  it  is  to  be  a  bal¬ 
listic  reentry  vehicle,  the  heating  rate  will  be 
intense  for  a  relatively  short  period  of  time. 
Ceramics,  with  the  possible  exception  of  slip- 
cast  fused  silica,  cannot  withstand  the  thermal 
shock  caused  by  the  high  heating  rate.  An 
ablative  window  is,  therefore,  generally  indi¬ 
cated  f6r  this  type  of  trajectory. 

If  the  heating  rate  and  surface  temperature 


are  relatively  low,  such  as  in  the  glide  reen¬ 
try  and  in  certain  orbital  decay  reentry  pro¬ 
files,  a  radiation  coined,  nonabiauve  window 
may  be  considered,  bearing  in  mind  the  attach¬ 
ment  and  thermal  shock  problems  associated 
with  this  type  of  electromagnetic  window  (see 
Paragraph  1-1.4.2). 

6-1.2  THE  STRUCTURAL  DESIGN 

Once  the  heating  rate,  total  heat  input,  and 
maximum  surface  temperature  have  been  es¬ 
tablished,  the  structural  design  of  the  window 
can  begin.  For  an  ablative  window,  the  struc¬ 
tural  design  consists  primarily  of  determining 
the  minimum  acceptable  physical  thickness  that 
will  be  sufficient  to  protect  the  antenna  and 
other  equipment  behind  the  window  when  con¬ 
sidering  the  heating  rate,  total  heat  input,  and 
surface  temperature.  This  implies  that  mate¬ 
rial  requirements  be  established  and  materials 
be  specified  during  this  stage.  The  edge  attach¬ 
ment  design  must  also  be  considered  at  this 
time,  although  for  typlcRl  organic  reBin-flber- 
glass  ablators,  the  modulus  of  elasticity  is  low 
enough  to  make  this  a  noncritical  part  of  the 
design.  For  a  nonablative  window  or  for  an 
ogival  radome,  thu  structural  design  becomes 
more  difficult.  In  order  to  determine  the  ubllity 
of  the  window  (or  ogival  radome)  to  withstand 
the  thermal  environment,  the  surface  tempera¬ 
ture  profile,  the  heating  rate,  the  thermal  con¬ 
stants  of  the  window  material,  the  thermal  gra¬ 
dient  through  the  wall,  and  the  edge  fixity  must 
be  known.  As  will  be  shown  in  Paragraph  6-3.2, 
using  certain  simplifying  assumptions,  one  can 
calculate  the  stresses  imposed  by  the  environ¬ 
ment  to  determine  if  they  are  within  the  allow¬ 
able  stress  limits  of  the  mutcrial  (also  see 
Paragraph  1-2.13). 

6-1.3  THE  ELECTRICAL  DESIGN 

Assuming  that  at  this  point  a  structural  con¬ 
figuration  has  been  established  that  cun  survive 
the  environment,  the  electrical  design  can  be¬ 
gin,  For  the  ablative  window,  a  minimum  ac¬ 
ceptable  thickness  will  have  been  established 
and  may  not  be  optimum  electrically.  The  elec¬ 
trical  design  must  consider  the  variable  nature 
of  an  ablative  window.  The  outside  surface, 
which  is  undergoing  ablution,  will  have  con- 
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siderably  different  electrical  properties  than 
the  virgin  inner  surface.  In  fact,  the  window 
car.  best  be  described  electrically  as  a  multi- 
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having  a  slightly  different  dielectric  constant 
and  loss  tangent  than  adjacent  ones  by  virtue 
of  its  different  temperature.  By  using  a  mathe¬ 
matical  model  consisting  of  a  finite  number  of 
layers,  propagation  through  the  sandwich  can 
be  calculated  using  the  techniques  described  in 
Reference  8.  Within  the  limitations  imposed  by 
the  minimum  thickness  established  by  the  ther¬ 
mal  analysis,  the  wall  thickness  can  be  op¬ 
timized  to  provide  best  performance  during  the 
most  critical  phase  of  the  mission.  If  the  win¬ 
dow  is  a  nonablative  type,  the  minimum  accept¬ 
able  thickness  will  generally  be  a  compromise 
between  structural  and  electrical  requirements. 
For  best  thermal  shock  resistance,  a  thin  wall 
is  desired.  However,  if  the  most  desirable  thick¬ 
ness,  structurally,  is  not  compatible  with  elec¬ 
trical  requirements,  a  thicker  wall  may  be  speci¬ 
fied.  This  is  particularly  true  if  the  optimum 
structural  thickness  is  near  one-quarter  wave¬ 
length.  In  thiB  case,  the  thickness  would  be  in¬ 
creased  to  approximately  one-half  wavelength 
and  the  structural  problem  calculated  again. 
The  optimum  thickness  can  thus  be  established 
after  one  or  two  such  iterations.  In  the  case  of 
a  radome  in  which  boresight  as  well  as  trans¬ 
mission  characteristics  are  of  concern,  the  opti¬ 
mization  between  structural  and  electrical 
thickness  must  of  necessity  be  weighed  in  favor 
of  the  electrical  requirements,  bearing  in  mind, 
of  course,  that  the  primary  requirement  is  on? 
of  survival. 

Keeping  in  mind  these  introductory  remarks 
concerning  the  design  of  radomes  for  hyper¬ 
sonic  vehicles,  we  may  now  proceed  to  the  more 
detailed  descriptions  of  the  various  design 
processes  (see  Paragraph  2-1). 

6-2  THE  THERMAL  ENVIRONMENT 

6-2.1  INTRODUCTION 

The  design  of  un  electromagnetic  window  for 
a  hypersonic  vehicle  poses  problems  that  differ 
considerably  from  those  of  slower  vehicles.  In¬ 
tense  surface  heating  rates  are  produced  by  the 
viscous  and  compressive  effects  of  the  fluid 
(air)  In  which  the  vehicle  moves.  The  excessive 


surface  temperatures  associated  with  these 
high  heating  rates  complicate  both  the  struc¬ 
tural  and  electrical  design  of  surface  located 
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Dielectric  materials,  Buch  as  ceramics,  which 
are  capable  of  withstanding  high  temperatures, 
often  have  high  elastic  moduli  and  expansion  co¬ 
efficients  and  cannot  survive  the  thermal  shock 
associated  with  the  i..'  re  severe  hypersonic 
environments.  The  interface  between  the  dielec¬ 
tric  window  and  its  supporting  structure  al-  o 
presents  a  formidable  design  problem.  When 
the  expansion  coefficient  of  the  dielectric  differs 
from  that  of  the  supporting  metallic  structure, 
careful  design  is  required  to  prevent  the  build¬ 
up  of  stresses  at  the  interface  thut  could  cause 
catastrophic  failure  of  the  joint. 

The  electrical  design  of  an  electromagnetic 
’window  for  a  nyporsonic  vehicle  is  complicated 
by  the  temperature  dependent  characteristics  of 
most  refractory  dielectric  materials.  The  per¬ 
formance  of  the  window,  whether  a  flush- 
mounted  antenna  cover  or  a  high-fineness-ratio 
ogival  shape,  ca  i  be  determined  by  knowledge 
of  the  dielectric  constant  («,.) ,  loss  tangent  (tan 
6),  physical  thickness  of  the  wall,  and  the  angle 
of  incidence  at  which  the  energy  strikes  the 
wall.  All  of  these  characteristics  vary  with  tem¬ 
perature.  A  window  designed  for  optimum  per¬ 
formance  at  ground  ambient  temperature  might 
be  very  much  less  than  optimum  when  its  tem¬ 
perature  is  3000°F,  It  becomes  apparent  that 
the  design  of  an  electromagnetic  window  for 
a  hypersonic  vehicle  requires,  first,  a  knowl¬ 
edge  of  the  range  of  thermul  inputs  and  sur¬ 
face  temperature;,  expected  and,  secondly, 
knowledge  of  the  variation  of  the  electrical  and 
structural  properties  of  the  materials  involved. 

6-2.2  AERODYNAMIC  HEATING  AT  HYPERSONIC 

VELOCITIES 

The  precise  d(  termination  of  aerodynamic 
heating  of  a  hypersonic  vehicle  is  a  task  for 
an  aerothermodynamicist.  The  electromagnetic 
window  designer  is,  however,  often  called  upon 
to  make  estimates  of  expected  thermal  inputs 
and  surface  temperatures.  Fortunately,  several 
excellent  references  (References  1  through  4) 
are  available,  giving  the  results  of  approximate 
aerothermodynamic  analyses  of  various  types 
of  hypersonic  vehicles  subjected  to  a  variety 
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of  flight  regimes.  Much  of  the  following  infor¬ 
mation  and  data  has  been  abstracted  from  Ref 
erence  1,  Design  Procedures  for  Computing 
Aerodynamic  Heating  at  Hypersonic  Speeds. 
Some  of  the  graphical  data  is  reproduced  here¬ 
in  to  illustrate  the  results. 

Hypersonic  vehicles  fall  into  four  general 
categories.  These  are  the  radiation  cooled  glide 
reentry,  ballistic  reentry,  orbital  decay  reentry, 
and  high-acceleration  boost  vehicles.  The  vehi¬ 
cles  differ  considerably  in  the  heating  rates  ex¬ 
perienced,  the  maximum  surface  temperatures 
encountered,  and  the  span  of  time  over  which 
the  heating  takes  place.  The  reentry  character¬ 
istics  of  these  vehicles  as  described  in  the  above 
reference  are  quoted  in  the  following  para¬ 
graphs. 

6-2. 2.1  Ballistic  Reentry 

In  the  ballistic  reentry,  the  heating  rate  is 
intense  (thousands  of  Btu/ft'J-sec)  for  a  short 
period  of  time  (tens  of  seconds)  and  the  reen¬ 
try  path  angle  is  relatively  large.  In  this  type 
of  vehicle,  the  heat  is  either  absorbed  by  the 
heat  capacity  of  a  thick  shielding  material,  such 
as  copper  or  beryllium,  or  is  dissipated  by  abla¬ 
tion  of  a  surface  coating.  In  the  latter  cme, 
the  kinetic  energy  of  the  vehicle  is  absorbed 
by  the  latent  heat  during  the  change  of  phase 
that  occurs  when  the  surface  material  is  vapor¬ 
ized  and  carried  away  by  the  air  stream. 

6-2.2. 2  Gild*  Reentry 

The  reentry  of  the  lifting  or  glide  type  of 
vehicle  involves  much  less  severe  heating  rates 
than  for  the  ballistic  type  (tens  of  Btu/fta-sec) , 
but  the  total  heat  transfer  quantity  is  actually 
greater  because  of  the  extremely  long  periods 
of  time  of  flight  (tens  of  minutes) ,  In  this  case, 
the  reentry  path  angle  is  relatviely  small  com¬ 
pared  with  the  ballistic  mode  angle  and  the 
heat  sink  or  ablation  techniques  have  not 
proven  to  be  practical;  therefore,  a  radiation 
cooled  structure  is  used.  Since  the  vehicle  is 
exposed  to  high  heating  for  such  long  periods,  a 
steady  state  is  reached  in  which  the  incoming 
aerodynamic  convective  heating  equals  the  out¬ 
going  radiation,  resulting  in  an  equilibrium 
temperature  of  the  surface.  This  temperature 


is  maintained  below  the  limit  of  the  surface 
material  (approximately  3Q00°F)  by  carefully 
designing  the  vehicle  shape  and  designating 
flight  paths  that  will  avoid  the  critical  heating 
region. 

6-2. 2. '3  Orbital  Decay  Reentry 

The  orbital  decay  or  low-path-angle  nonlift¬ 
ing  trajectory  involves  heating  rates  and  times 
that  fall  between  those  of  ballistic  and  lifting 
reentries.  In  the  orbital  decay  mode  of  reentry, 
the  vehicle  in  circular  orbit  loses  energy  a3  a 
result  of  drag  and  spirals  to  the  earth.  The 
time  to  reenter  (~10  min.)  is  greater  than  that 
of  the  ballistic  (tens  of  seconds)  and  consid¬ 
erably  less  than  that  of  the  glide  (tens  of  min¬ 
utes).  For  survival,  the  peak  heating  rate  must- 
be  maintained  near  that  of  the  glide  and  the 
total  heat  comparable  to  that  of  the  ballistic. 
Analysis  of  the  orbital  decay  reentry  is  more 
complicated  than  either  of  the  other  two  modes 
in  that  neither  external  radiation  nor  transient 
effects  may  be  neglected  in  a  refined  design. 
However,  it  appears  that  radiation  cooling,  heat 
sink,  or  ablation  techniques  may  be  used  suc¬ 
cessfully  to  accomplish  the  mission. 

6-2.2.4  Hlflh-Acctleration  Boot* 

The  high-acceleration  boost  trajectory,  like 
the  ballistic  reentry,  involves  intense  heating 
for  relatively  short  periods  of  time.  However, 
the  heat  input  is  such  that  ablation  cooling  ap¬ 
pears  to  be  the  most  satisfactory  way  of  dissi¬ 
pating  the  heat. 

Four  types  of  hypersonic  flight  conditions 
have  been  described.  Examples  of  vehicles  in 
these  four  categories  are 

1.  Ballistic:  Minuteman,  Atlas,  Titan,  and 
Polaris  warheads 

2.  Glide :  Dyna-Soar  and  Asset 

3.  Orbital  Decay:  Mercury  and  Gemini 

4.  High-Acceleration :  Nike  Zeus,  Sprint, 
and  Hibex  Boost 

Figure  6-1  shows  the  relationship  between 
the  heating  rate  and  reentry  time  for  ballistic, 
glide,  and  orbital  decay  reentries.  The  high- 
acceleration  boost  condition  would  be  similar 
to  the  ballistic  curve. 
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Figure  6-1.  Htatlng  Fat*  vt  K**nlry  Tim •  far  Balllttle,  Gild*,  and 
Orbital  Dacay  Vehicles 


6-2.3  HEATING  RATE  AND  SURFACE 
TEMPERATURE  CALCULATIONS 

The  calculations  of  heating  rates  and  surface 
temperatures  for  any  hypersonic  vehicle  re¬ 
quire  that  certain  assumptions  be  made  con¬ 
cerning  the  nature  of  the  air  surrounding  the 
vehicle.  The  equations  used  here  are  thoBe  of 
Reference  1  and  are  subject  to  the  following 
conditions : 

1.  The  shock  layer  is  thin  and  sharply  dis¬ 
continuous!.  Although'  some  “slip”  flow 
may  exist  in  the  cases  considered  here, 
the  slip-flow  corrections  tend  to  amount 
to  small  reductions  in  the  heat  transfer 
coefficients  and  can  be  neglected  without 
causing  appreciable  errors. 

2.  Flow  within  the  boundary  layer  may  be 
either  laminar  or  turbulent.  Whichever 
gives  the  higher  value  of  heating  rates 
will  be  used. 

3.  Real  gas  properties  are  used,  although 
the  use  of  an  ideal  gas  assumption  gives 


values  approaching  those  obtained  with 
the  real  properties. 

4.  Reaction  at  the  bbundary  is  in  chemical 
equilibrium. 

6-2.3. 1  Heating  Ratn  and  Surface  Temperature*  of 
Glide  Reentry  Vehicles 

The  glide  reentry  vehicle  trajectory  is  char¬ 
acterized  by  a  shallow  reentry  angle  producing 
moderate  heating  rates  over  a  relatively  long 
period  of  time.  Vehicles  such  as  Dyna-Soar  and 
Asset  had  swept  wings  with  blunt  leading  edges 
and  relatively  blunt  noses.  Areas  of  interest  for 
locating  electromagnetic  windows  are  the  nose, 
the  bottem  surface,  and  the  upper  surface  of 
the  vehicle.  Of  these  locations,  the  upper  sur¬ 
face  is  the  most  desirable  from  the  heating 
standpoint,  with  the  nose  the  least  desirable. 
Mission  requirements  generally  dictate  an  an¬ 
tenna  system  with  coverage  below,  as  well  as 
above,  the  vehicle;  so,  from  this  standpoint, 
locating  the  electromagnetic  window  on  the 
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upper  surface  does  not  meet  the  requirements. 
The  solution  generally  lies  in  providing  com¬ 
binations  of  antennas  and  their  windows,  some 
located  on  the  upper  surface  and  some  on  the 
lower.  The  use  of  the  nose  tor  an  antenna  loca¬ 
tion,  while  desirable,  does  not  appear  feasible 
considering  the  present  state-of-the-art  in  ma¬ 
terials.  Although  the  above  may  be  the  case, 
calculation  of  the  heut  input  and  equilibrium 
temperature  of  the  stagnation  point  is  required 
before  these  quantities  can  be  obtained  for  a 
flat-plate  region  aft  of  the  nose. 


6-2.3. 1.1  Stagnation  Point  Hooting,  Laminar  Flow. 

The  approximate  laminar-flow  stagnation-point 
heating  equation  as  used  in  Reference  1  is 


1068  &  (-bSt)'  (■ 


where  R«  =  nose  tip  radius,  ft 

V*  =  free-stream  velocity,  ft/sec 
h,  —  stagnation  enthalpy,  fta/sec2 


hw  =  wall  enthalpy,  ft-/ sec2 
q  =  dq/dt  =  heating  rate,  Btu/ft2-sec 
cr  =  altitude  density  ratio  =  pjp»\. 
(For  hvnersonic  flight,  the  approximation 
h«/h,  <<1  can  be  used  without  gross  error.) 
Figure  6-2  is  a  plot  of  the  parameter 


as  a  function  of  altitude  and  velocity.  Figure 
6-8  shows  typical  glide  vehicle,  trajectories  for 
glide  parameters  (W/CYA)  of  10,  100,  and 
1000.  Figures  6-2  and  6-3  can  be  used  to  esti¬ 
mate  the  heating  rate  at  the  stagnation  point 
for  various  combinations  of  glide  parameter, 
tip  radius,  velocity,  and  altitude.  As  an  exam¬ 
ple,  assume  an  estimate  of  the  stagnation  heat¬ 
ing  rate  is  desired  for  a  glide  reentry  vehicle 
under  the  following  conditions : 

Ru  =  0.6  ft  W/Ct,A  ~  100 
velocity  =  21,000  ft/sec 


VELOCITY,  1000  FT/SEC. 

Figaro  6-2,  Nos*  laminar  Hoatlng  Halt  at  Stagnation  Point 
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VELOCITY,  1000  FT/SEC 


Figure  6-3.  Glide  Reentry  Flight  Spectrum 


From  Fig.  6-3,  the  altitude  associated  with  a 
velocity  of  21,000  ft/sec  and  W/Cj,A  of  100 
is  236,000  ft.  From  Fig.  6-2,  the  value  for 

•  Kn00 

q  - - r —  associated  with  this  altitude  and 

1  "w 

h. 

velocity  is  approximately  80.  Therefore, 

q  =  80/0.6ui'  =  113  Btu/ft2-sec 

The  altitude  of  235,000  ft  and  velocity  of  21,000 
ft/sec  were  chosen  because  they  represent  the 
conditions  under  which  maximum  laminar  heat¬ 
ing  occurs  for  a  typical  glide  reentry. 

6-2.3. 1.2  Stagnation  Point  Temperature.  The 
wall  temperature  at  the  stagnation  point  can 
be  calculated  from 

Tw  =  1000  (q/0.481«)"  -■-•  n-2) 

where  Tw  =  wall  temperature,  °R 

e  =  emittance  of  the  nose  material 

Figure  6-4  is  a  plot  of  T„  (in  °F)  as  a  function 
of  q  for  various  emittances.  For  the  case  con¬ 
sidered  in  (a),  T„  —  3700  F  for  an  assumed  e 
of  0.8. 


6-2.3. 1.3  Turbulent  Healing  Near  the  Sonic  Paint. 

The  equation  for  turbulent  heating  near  the 
sonic  point  is 


Figure  6-6  is  a  plot  of  the  parameter 


qR„"- 


as  a  function  of  altitude  and  velocity.  Figs.  6-3 
and  6-6  can  be  used  to  estimate  the  heating 
rate  for  turbulent  flow  near  the  sonic  point  for 
various  combinations  of  glide  parameter,  tip 
radius,  velocity,  and  altitude.  As  an  example, 
the  heating  rale  due  to  turbulent  flow  near  the 
sonic  point  is  desired  for  the  following  condi¬ 
tions  : 

R„  =  0.5  ft  W/C,  A  =  100 
velocity  =  18,000  ft/sec 

From  Fig.  6-3,  the  altitude  associated  with  a 
velocity  of  18,000  ft/sec  and  \V/C,  A  of  100 


is  217,000  ft.  From  Fig.  6-5,  the  value  for 

qRo08 

1  _  jU 

n. 

associated  with  this  altitude  is  25.  Therefore, 

q  =  -^rr  =  29  Btu/ft--sec 

The  velocity  of  18,000  ft/sec  and  altitude  of 
217,000  ft  were  chosen  because  they  represent 
the  conditions  under  which  maximum  tur¬ 
bulent  heating  occurs  for  a  typical  glide  re¬ 
entry. 

It  is  obvious  that  for  this  particular  set  of 
conditions,  the  laminar  heating  rate  exceeds  the 
turbulent  and  should  be  used  as  a  worst-case 
estimate. 

A  nose-mounted  electromagnetic  window  for 
a  vehicle  of  the  above  configuration  and  reentry 
trajectory  would  be  required  to  withstand 
maximum  surface  temperutures  of  3700°F  at 
its  tip  (emittance  of  0.8  assumed).  Since  the 
time  of  exposure  is  relatively  long,  backside 
temperatures  would  tend  to  be  high.  Materials 
are  not  presently  available  that  have  the  com¬ 
bination  of  electrical,  structural  and  thermal 


properties  required  for  use  in  such  an  electro¬ 
magnetic  window. 

A-2.3.1.4  Flat-Plat*  Haatlna.  Laminar  Flow.  The 

simplified  heating  rate  equation  for  laminar 
flow  over  a  flat  plate  aft  of  the  stagnation  point 
is 

qj.Kp  =  qLs  (0.0292)  (R0/X)° 6 

(6-4) 

where  qr,Fi>  =  laminar  flow,  flat-plate  heating 
rate,  Btu/ft2-sec 

qLS  =  laminar  flow,  stagnation  heating 
rate,  Btu/ft2-sec 
X  =  distance  from  tip,  ft 
a  =  angle  of  attack,  degrees 

Consider  the  case  of  section  (a)  where  the  stag¬ 
nation  heating  rate  for  laminar  flow  was  118 
Btu/ft--sec.  The  tip  radius,  R,„  is  0.5  ft.  The 
heating  rate  into  a  flat  plate  located  5  ft  aft  of 
the  stagnation  and  at  an  angle  of  attack  of  45° 
is 

LFP  =  (113)  (0.0292)  (0.5/5)"  r>  (45)“^ 

=  13.2  Btu/ft2-sec. 

From  Eq.  6-2  or  Fig.  6-4,  \  .e  equilibrium  sur- 


Flgure  6-5.  Note  Turbulent  Hooting  Rate  at  Sonic  Point 
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face  temperature  at  the  flat-plate  region  is 
19('5'F  (assumed  emittance  of  0.8). 


6-2. 3. 1.5  flat-Plate  Hooting,  Turbulent  flow.  For 

turbulent  flew. 


where  X  =  distance  from  tip,  ft 

qWP  =  turbulent  flow,  flat-plate  heat¬ 
ing  rate,  Btu/ft2-sec 
qT8  =  turbulent  flow,  stagnation  heat¬ 
ing  rate,  Btu/fta-sec 


6-2.3. 2.1  Turbulent  Heating  Near  the  Sonic  Point. 

A  simplified  expression  for  maximum  turbulent 
heating  near  the  sonic  point  for  a  ballistic  re¬ 
entry  vehicle  is 


3.359 


(6-6) 


where  R<,  =  nose  tip  radius,  ft  5? 

V|  =  initial  velocity  prior  to  reentry, 
ft/sec 
W 

-p— j—  =  ballistic  parameter 

qTnuI  =  maximum  turbulent,  heating 
near  the  sonic  point,  Btu/ft“-sec 


a  =  angle  of  attack,  degrees 

Using  the  case  of  section  (c)  as  an  example, 
where  q-rs  =  29  Btu/ft-’-sec,  and  R«  =  0.6  feet, 
4m>  for  a  location  5  ft  aft  of  the  sonic  point  at 
a  =  46°  is 

qTPr=  (29)  (0.0666)  (0.6/6)"  “  - — 4-%-- 

(,+4) 

=  11.8  Btu/ftJ-sec 

The  equilibrium  temperature  from  Fig.  6-4  is 
1900°F  for  an  assumed  emittance  of  0.8. 

The  procedures  and  methods  described  in 
Paragraphs  6-2.3.1.1  through  6.2.3. 1.6  allow  an 
approximate  value  for  the  thermal  input  and 
surface  equilibrium  temperatures  associated 
with  glide  reentry  vehicles  to  be  obtained.  It 
should  be  recognized  that  these  techniques  are 
valid  for  estimating  thermal  inputs  for  pre¬ 
liminary  design  of  electromagnetic  windows 
and  should  not  be  considered,  as  sufficient  for 
determining  Anal  thermal  design. 


6-2. 3.2  Heating  Ratal  and  Surface  Temperatures  of 
Ballistic  Reentry  Vehicles 

Although  electromagnetic  windows  are  not 
common  on  current  ballistic  reentry  vehicles, 
there  is  no  doubt  that  future  requirements  will 
dictate  vehicle-borne  radiating  systems.  As 
with  the  glide  reentry  vehicle,  the  preliminary 
design  of  an  electromagnetic  window  for  a  bal¬ 
listic  reentry  vehicle  requires  a  knowledge  of 
the  thermal  input  to  the  window  and  its  sur¬ 
face  temperature. 


y  =  reentry  angle 
For  a  minimum  energy  trajectory, 

y  ~  tt/4  —  R/4r„  (radians)  (6-7) 

where  R  =  range,  naut.  mi 

r„  =  3438,  radius  of  earth  in  naut.  mi 

As  an  example,  consider  a  ballistic  reentry  from 
a  1600-naut.  mi  range,  y  is  calculated  at  39.76° 
and  Vi  is  determined  from : 

V|  =  [qy„  (I  —  tan-’  y)  ]"•" 

(g  =  32.2  ft/sec11)  (6-8) 

ss  16,600  ft/sec 

For  R0  =  0.26  ft  and  W/C„A  =  100, 

T,„„  =  3.369  (15600/10000)" 

X  (100sin39.76o)"''‘  (1/0.26““) 

=  466  Btu/ft,J-sec 

Figure  6-6  shows  the  heating  rate  as  a  function 
of  (77V1  sin  y)t,  where  Vt  and  y  are  as  before, 
ij  =  4.15  X  10_Vft  (a  constant  relating  at¬ 
mospheric  density  to  altitude),  and  t  =.  time 
from  the  time  when  maximum  heating  rate 
occurs.  The  approximate  heating  rates  for  any 
ballistic  reentry  can  be  obtained  from  Fig.  6-6 
if  the  maximum  rate  is  known. 

The  total  thermal  input  based  on  sonic  point 
turbulent  flow  can  be  obtained  by  integration 
of  the  area  under  the  curve  in  Fig.  6-6,  and  is 

«'=*4J  (-rowo-J  (?sx )""  mrabw 

(6-9) 

For  the  case  just  considered,  qT  —  4710  Btu/ft-. 
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Figure  6-6.  Generalized  Ballistic  Reentry  Heating  Rate  for  Laminar  and 
Turbulent  Flow 


6-2.3. 2. 2  Surface  Temperatures  of  Ballistic  Re¬ 
entry  Vehicles.  Ballistic  reentry  vehicles  may  be 
protected  by  either  a  heat  sink  or  by  ablation. 
Heat  sinks  usually  consist  of  covering  the  for¬ 
ward  portion  of  the  vehicle  with  a  high-heat- 
capacity  metal,  such  as  copper  or  beryllium. 
The  thickness'  of  the  sink  is  designed  so  that 
the  mission  is  completed  prior  to  the  time  the 
surface  reaches  its  melting  point.  The  heat  sink 
approach  generally  rules  out  the  possibility  of 
an  electromagnetic  window  because  of  the  elec¬ 
trical  conductive  nature  of  most  suitable  sink 
materials. 

An  ablative  covering  is  the  more  common 
method  of  thermally  protecting  a  ballistic  re¬ 
entry  vehicle.  The  material  is  often  a  combina¬ 
tion  of  organic  resin  and  inorganic  fillers.  The 
kinetic  energy  of  the  vehicle  is  absorbed  by  the 
latent  heat  during  the  change  of  phase  occur¬ 
ring  when  the  surface  material  is  vaporized 
and  carried  away  by  the  air  stream.  Once  abla¬ 
tion  has  initiated,  the  surface  temperature 
stabilizes  at  a  value  characteristic  of  the  ma¬ 
terial.  Organic  base  materials,  such  as  filled 
Teflon  and  phenolic-nylon,  have  surface  tem¬ 
peratures  during  ablation  of  1000°F  to  2500°F, 
while  inorganics  such  as  slip-cast  fused  silica 


ablate  in  the  3600°F  to  6000°F  range. 

The  problem  in  the  thermal  design  of  an 
ablative  electromagnetic  window  is  primarily 
that  of  determining  the  thickness  required  to 
provide  protection  for  the  substratum.  This  re¬ 
quires  the  establishment  of  an  acceptable  back- 
wall  temperature.  The  minimum  thickness  re¬ 
quired  if  no  restrictions  are  put  on  the  back- 
wall  temperature  is 

b„,i„  =  q'i'/ph„rr  (6-10) 

where  bM,i„  =  minimum  acceptable  thickness 
of  ablative  window,  ft 
h,,f(  =  heat  of  ablation,  Btu/lb 
—  total  heat  input,  Btu/ft- 
p  =  material  density,  lb/ft:l 

For  a  typical  inorganic-filled  organic  resin, 
ph..,r  =  2  x  10'  and  from  Eq.  6-9,  qT  4710; 
therefore, 

bii.ii, -  0.0236  ft =.-=  0.282  in. 

Actual  thickness  is  obtained  by  establishing  an 
acceptable  back-wall  temperature  and  then 
solving  the  transient  one-dimensional  heat-flow 
equation  for  the  required  thickness. 
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6-2. 3. 3  Heating  Rate*  and  Surface  Temperature!  of 
Orbital  Decay  Reentry  Vehicle* 

The  orbital  decay  reentry  mode  la  aimllnr  in 
some  respects  to  both  the  glide  and  ballistic 
reentries.  The  peak  heating  rates  are  main¬ 
tained  near  that  of  the  glide  whereas  the  total 
heat  input  is  near  that  of  the  ballistic  mode. 

A  conservative  estimate  of  the  total  heat  in¬ 
put  (laminar  flow  assumed)  to  an  orbital  de¬ 
cay  reentry  vehicle  following  a  typical  reentry 
trajectory  is  given  by: 

(It  =  4672  (W/CoAE,,)11  n  (6-11) 

This  equation  is  valid  where  W/CuAR,,  does  not 
exceed  a  value  of  about  26.0.  The  method  gen¬ 
erally  used  to  achieve  this  to  make  R(,  large,  i.e., 
make  the  vehicle  very  blunt.  Consider  a  typical 
case  where  W/C!i,A  =  100,  RM  ==  10  ft;  then 

dv-.  (4672)  (100/10)*'“=:  13,750  Btu/ft» 

The  minimum  thickness  required  of  a  typical, 
filled  organic  resin  ablative  shield  to  protect 
the  vehicle  is,  using  Eq.  6-10, 

bum  =  =  0.06876  ft  =  0.826  in. 

As  before,  b,„i„  represents  the  minimum  thick¬ 
ness  of  the  ablative  covering  with  no  restric¬ 
tions  placed  on  back-wall  temperature.  When 
back-wall  temperature  requirements  and  safety 
factors  are  considered,  the  thickness  cun  be 
several  times  b,,,,,,.  If  an  ablator  is  used,  the 
surface  temperature  will  be  determined  by  the 
properties  of  the  material.  If  radiation  cooling 
is  used,  the  maximum  temperature  cun  be  cal¬ 
culated  from: 

Tw„  =  2680  (W/CpAR,,)'/"  «-»/« 

where  TB«  =  equilibrium  temperature,  °R 
e  =  emittance  (assumed  0.8  here) 

For  the  orbital  decay  vehicle  previously  con¬ 
sidered, 

Tu,h  =  2680  (lOO/lO)1"1  0,8-*'* 

=  8770°R  =  3310 °F 

The  limitation  on  the  electrical  design  of  elec¬ 
tromagnetic  windows  for  orbital  decay  vehicles 
is  that  of  radio-frequency  attenuation  through 
the  ablating  heat  shield.  This  applies  only  to 
those  antennas  that  look  through  the  shield, 


since  it  should  be  recognized  that  there  are 
other,  more  favorable  locations  downstream 
from  the  shield  where  antennas  can  be  located. 

6-2.3.4  Hlgh-Ac»ltratlon  Roost  Vohlclo* 

The  trajectories  and,  hence,  the  heating  rates 
and  temperatures  of  most  current  vehicles  of 
this  nature  ure  classified.  About  all  that  can  be 
said  is  that  the  thermal  input  is  such  that  abla¬ 
tive  techniques  are  required  and  that  the  maxi¬ 
mum  heat  inputs  can  exceed  those  of  ballistic 
reentry  vehicles. 

In  this  paragraph,  techniques  have  been  de¬ 
scribed  that  allow  the  electromagnetic  window 
designer  to  estimate  surface  temperatures  and 
thermal  inputs  to  aid  in  the  preliminary  design 
of  windows.  It  cannot  be  stressed  too  often  thut 
these  techniques  provide  only  estimates,  and 
that  actual 1  temperatures  and  thermal  inputs 
must  be  provided  by  a  detailed  aerothermody- 
namic  analysis  of  each  particular  case. 


6-3  THE  STRUCTURAL  DESIGN  OF 

RADOMES  FOR  HYPERSONIC  VEHICLES 

6-3,1  GENERAL  STRUCTURAL  DESIGN 
CONSIDERATIONS 

As  discussed  in  Paragraph  6-1,  an  electro¬ 
magnetic  window  for  a  hypersonic  vehicle  can 
take  one  of  several  forms,  depending  on  the 
type  of  vehicle,  its  mission  profile,  and  the  r-f 
system  requirements  associated  with  the  mis¬ 
sion,  To  date,  most  electromagnetic  windows 
for  hypersonic  vehicles  have  been  of  the  flush- 
mounted  type,  cooled  either  by  ablation  or  radi- 
ution.  Recently,  it  has  been  demonstrated  that 
forward-mounted,  aerodynamically  shaped  ra- 
domes  are  feasible  for  some  hypersonic  vehicle 
applications  (see  Reference  6).  The  major  limi¬ 
tations  of  this  configuration  appear  to  be  the 
severe  thermal  shock  requirements  placed  on 
the  material  and  the  presence,  generally,  of  n 
dense  plasma  sheath  surrounding  the  radome. 

The  structural  design  of  an  ablative  window, 
on  the  other  hand,  is  relatively  simple.  The 
minimum  thickness  for  thermal  protection  of 
the  antenna  located  behind  the  window  is  estab¬ 
lished  during  the  thermal  environment  analysis. 
Since  most  ablative  materials  have  relatively 
low  elastic  moduli,  thermal  shock  is  not  gen- 
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ernlly  a  problem.  The  main  structural  design 
problem  for  an  ablative  electromagnetic  win¬ 
dow  is  the  design  of  an  attachment  that  will 
maintain  the  window  in  a  mechanically  stable 
nnuitinn  throughout  ths  ublution  process. 

The  structural  design  of  a  radiation  cooled, 
flush-mounted  electromagnetic  window  located 
aft  of  the  low  shock  region  falls  somewhere  be¬ 
tween  the  two  other  types  of  windows  men¬ 
tioned  above  in  complexity.  Ceramics  are  usu¬ 
ally  required  because  of  the  high  surface  tem¬ 
peratures  encountered.  Attachment  design  is 
particularly  critical  because  of  the  danger  of 
catastrophic  thermal  shock  failure  caused  by 
stress  concentration  at  the  attachment  points. 
If  the  emittance  of  the  window  material  is  less 
than  that  of  the  surrounding  structure,  the 
window  will  reach  thermal  equilibrium  at  a 
temperature  greater  than  that  of  the  surround¬ 
ing  structure,  While  not,  strictly  speaking,  part 
of  the  structural  design,  surface  coatings  are 
usually  required  to  mutch  the  emittance  of  the 
window  to  that  of  the  support  structure. 


6-3.2  CALCULATION  OF  STRESSES  IN  AN 
ELECTROMAGNETIC  WINDOW 


If  the  thermal  input  and  surface  temperature 
of  an  electromagnetic  window  are  known  and  if 
the  physical  constants  of  the  wall  material  and 
its  mounting  constraints  are  known,  the  maxi¬ 
mum  stress  can  be  calculated.  This  can  then  be 
compared  with  the  allowable  design  values  for 
stress  in  the  material  to  determine  whether  it 
is  suitable  for  the  application  (see  Paragraph 
1-2.13). 

Consider  the  case  of  a  flat,  rectangular  win¬ 
dow  with  fixed  edges  subjected  to  a  total  uni¬ 
form  temperature  change  of  AT.  The  resulting 
stress  wbuld  be  compressive,  in  nature  and  is 
calculated  (Reference  6)  from : 


cr 


AT  oE 

“  (1  -  2ft) 


(6-12) 


where  E  =  modulus  of  elasticity 
T  =  temperature,  °F 
a  =  coefficient  of  thermal  expansion 
fi  =  Poisson’s  ratio 
or  =  stress,  psi 


dient,  of  AT  between  faces,  the  resulting  stress 
would  be  a  bending  stress  and  is  calculated  from 


_  AT_  _“JL_ 
<r~  2  (1  —  m) 


(G-13) 


The  plate  would  be  in  compression  on  the  hot 
side  and  tension  on  the  cold  side. 

Each  shape  of  fiat  plate  (rectangular,  square, 
circulur,  triangular,  etc.),  each  mounting  con¬ 
dition  (fixed,  free,  partially  constrained,  etc.), 
and  each  temperature  distribution  (uniform 
throughout,  gradient  between  faces,  symmetri¬ 
cal,  assymetrical,  etc.)  is  a  variable  that  will  in¬ 
fluence  the  nature  and  magnitude  of  the  stress 
induced,  It  becomes  obvious,  therefore  that  each 
application  that  one  might  consider  is  unique  and 
must  bo  treated  as  such,  and  that  simplified 
general  approaches  using  unreal  assumptions 
must  be  used  only  us  a  guide  in  the  approach  to 
the  problem's  solution.  This  also  points  up  the 
need  for  adequate  proof  testing  of  the  design 
prior  to  its  use  on  a  flight  test  vehicle. 

If  the  case  of  the  flush-mounted  flat-pinto 
window  appears  to  be  a  complex  design  prob¬ 
lem,  that  of  a  forward-mounted  ogival  shaped 
radome  is  even  more  complex.  As  a  first  approx¬ 
imation,  one  can  consider  the  radome  to  be  made 
up  of  two  sections,  one  cylindrical  and  the  other 
a  hemispherical  cap. 

To  determine  the  thermal  stresses  in  the 
ogival  portion  of  the  radorne,  consider  a  sec¬ 
tion  perpendicular  t,o  the  longitudinal  axis  in 
the  form  of  a  long  circular  cylinder  with  a 
concentric  circular  hole.  Assuming  that  the  cyl¬ 
inder  is  free  to  expund  radially  und  cireumfer- 
entiully  but  is  restrained  longitudinally  and  the 
temperature  only  varies  radially,  the  following 
equations  can  be  used  to  evaluate  the  stresses 
in  the  wall: 


For  the  same  window  with  a  temperature  gra-  where  E  =  modulus  of  elasticity 
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T  =  temperature 
a  =  inside  radius  of  cylinder 
b  =  outside  radius  of  cylinder 
r  =  radius  of  element  under  investiga¬ 
tion 

a  —  coefficient  of  thermal  expansion 
fi  —  Poisson’s  ratio 

To  make  Eqo.  6-14  to  6-16  easier  to  use,  they 
can  be  rewritten  in  summation  form.  The  num¬ 
ber  of  segments  is  varied  by  using  the  follow¬ 
ing  designations: 


where  T,  —  temperature  change  of  segment  i 
(T  —  Tg) 

q  =  total  number  of  segments  ---  last 
segment 

j  segment  being  investigated 
i  ss  number  of  each  segment  (i  =  1  to 
9) 

r(  =  radius  of  segment  i  (to  centroid) 
from  center  of  cylinder 
X)  =  thickness  of  segment  i 


In  summation  form,  the  equations  are  as  fol¬ 
lows: 

aE 

a*=T=-jr 

(6-17) 

aE  (  rja  f  a» 

tr«:"  l  —  ^  ^  rj^b"  -  aaT 

(6-18) 


(V=*EV  ATir’Xi 


(6-19) 

For  the  hemispherical  portion  of  the  nose  (at 
the  stagnation  point) ,  an  element  1b  considered 
to  be  cut  from  a  sphere  with  a  hole  at  the 
center  (Reference  7).  The  temperature  was 
assumed  to  have  a  symmetrical  distribution 
with  respect  to  the  spherical  center  and  to  be 
a  function  of  radius  only.  Because  of  symmetry, 
the  three  Htress  components  are  the  radial  com¬ 
ponent,  <r„  and  two  tangential  components,  art. 
The  equations  used  are 

2aE 

tr,  =  y— — 

Tri!dr~  -F*  j’  Tr*dr) 
(6-20) 


2aE 

l-/r 


2r’  -f  a* 
2(F  —  as)r® 


J*Tr*dr  +  j  *  Tr*  dr  -  %t) 

(6-21) 

where  all  terms  are  the  Bame  as  previously  de¬ 
scribed.  These  equations  can  also  be  put  in  the 
summation  form  as  follows : 

2aE  (  (r,»  -  a-1) 

or"  “  l-/i  ^r,*(b»-iF7 

EJ  -1  J  ■  \ 

(6-22) 


-  v 

Y!  ATjrrxj  +  4tV'J  W*.  -  V4AT.) 

(6-28) 

The  stress  equations  as  used  in  the  summation 
form  lend  themselves  to  semiautomatic  opera¬ 
tion  on  a  small  computer.  Temperature  gradi¬ 
ents  are  calculated  from  knowledge  of  the  ther¬ 
mal  input  to  the  outer  surface  of  the  wall,  the 
thermal  properties  of  wall  material,  and  its 
thicknrss.  The  assumption  of  a  one-dimensional 
heat  flow  (radial)  is  valid  for  the  configuration 
described  above. 


As  with  the  flush-mounted  window,  approxi¬ 
mate  theoretical  calculations  should  be  used 
only  as  a  guide.  The  final  proof  is  whether  the 
radome  can  survive  a  thermal  shock  test  that 
approximates  the  time-temperature  profile  of 
the  worst-case  mission  it.  will  he  called  upon  to 
survive. 

6-3.3  THE  ABLATIVE  WINDOW 

In  Paragraph  6-5.6,  it  is  mentioned  that  the 
structural  design  of  an  ablative  window  for  a 
hypersonic  vehicle  is  somewhat  simpler  than 
the  design  of  a  radiation  cooled  window  or 
ogival  reentry  radome.  The  major  problem 
consists  of  determining  the  minimum  physi¬ 
cal  thickness  that  will  provide  adequate  pro¬ 
tection  for  the  antenna.  This  thickness  is 
generally  arrived  at  during  the  thermal  analy¬ 
sis  and  Bince  thermal  shock  is  not  a  prob¬ 
lem  for  most  organic  ablators,  the  major  struc¬ 
tural  design  problems  involve  mechanical  sta¬ 
bilization  of  the  window.  Teflon,  a  material  that 
is  very  desirable  electrically  and  adequate  ther¬ 
mally  for  some  of  the  less  severe  environments, 
presents  some  unusual  problems  in  this  respect. 
The  high  expansion  coefficient  of  Teflon  makes 
it  very  difficult  to  attach  without  some  buckling 
occurring  at  the  ablation  temperature.  Ceramic 
fiber  reinforcement  can  be  added  to  Teflon  to 
minimize  the  effect  of  its  high  expansion  coeffi¬ 
cient  and  improve  its  overall  performance  as 
an  ablator. 

For  more  severe  environments,  the  charring 
ablators,  such  as  phenolic-refrasil,  phenolic- 
nylon  or  phenolic-fiberglass,  are  often  used.  In 
addition  to  being  easier  to  attach  and  stabilize 
(because  of  their  lower  expansion  coefficients), 
they  generally  perform  better  as  ablators  than 
their  thermoplastic  counterparts.  Their  major 
disadvantage  is,  however,  their  relatively  high 
electrical  loss.  In  the  process  of  ablation,  these 
materials  form  a  carbonaceous  char  layer  at  the 
outer  surface.  During  flight,  most  of  this  is 
carried  away  by  the  slip-stream.  However,  that 
which  remains  appears  as  a  lossy  dielectric 
layer  to  any  electromagnetic  energy  being  pro¬ 
pagated  through  it.  The  nature  and  effect  of 
this  layer  has  been  the  subject  of  much  study, 
but  to  date  there  is  still  controversy  over  its 
effect  on  transmission. 

Although  inorganics  do  not  generally  come 


under  the  heading  of  ablatives,  recent  work 
done  at  Georgia  Tech  indicates  the  suitabil'ty 
of  modified  slip-cast  fused  silica  for  use  as  a 
material  tor  an  auiuiivc,  iiune-ruOuntcd 

reentry 

radome  (Reference  5).  Indications  arc  that  for 
certain  reentry  applications,  a  radome  fabri¬ 
cated  of  slip-cast  fused  silica  modified  by  the 
addition  of  Cr-O.n  can  survive.  This  appears  to 
be  one  of  the  few  cases  where  a  nose-mounted 
radome  has  been  considered  and  shown  to  be 
feasible  for  a  reentry  vehicle. 

6-3.4  the  Thermal  shock  problem 

For  a  material  to  function  as  a  radome  under 
reentry  conditions,  it  has  to  possess  an  almost 
unobtainable  combination  of  physical  proper¬ 
ties.  For  a  monolithic  structure  merely  to  sur¬ 
vive  the  thermal  shock  associated  with  such  an 
environment  demands  the  ultimate  in  material 
performance.  Therefore,  thermal  shock  char¬ 
acteristics  are  considered  of  primary  impor¬ 
tance  in  selecting  u  material  for  a  reentry  ra¬ 
dome  (see  Paragraphs  1-1.4.2,  1-2.13,  and  3-5). 

It  is  not  always  appreciated  that  the  thermal 
shock  resistance  of  a  material  is  not  only  de¬ 
pendent  upon  the  physical  and  mechanical  prop¬ 
erties  of  the  material,  but  also  upon  the  severity 
of  the  thermal  shock  environment.  Further,  the 
severity  of  the  environment  is  not  necessarily 
associated  with  temperature,  but  rather  with 
the  heat  transfer  rate  to  the  material.  This  re¬ 
lationship  can  be  illustrated  by  considering  air 
and  water  at  200"  F.  Obviously,  the  heat  trans¬ 
fer  rate  is  much  higher  in  the  water  than  in  the 
air.  This  difference  would.be  evident  by  placing 
an  ice  cube  into  each  environment.  It  is  often 
desirable  to  compare  two  or  three  materials  as 
to  their  relative  thermal  shock  resistance.  To 
do  this,  it  is  not  uncommon  to  use  the  expres¬ 
sion: 

M  KS/Eof  (6-24) 

where  E  =  modulus  of  elasticity 
K  =  thermal  conductivity 
M  =  merit  index 

a  =  coefficient  of  thermal  expansion 
6  =  tensile  strength,  psi 

What  is  overlooked  in  using  this  expression  is 
that  this  relationship  holds  only  for  low  heat 
transfer  rates,  or  a  very  mild  thermal  shock 
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environment.  Expressions  have  been  developed 
that  take  into  account  the  thermal  shock  envi¬ 
ronment  (References  8  and  9).  These  expres¬ 
sions  relate  the  maximum  temperature  from 
which  a  material  can  be  quenched  (to  room 
temperature)  to  the  severity  of  the  quench.  The 
term  ah  has  been  used  to  denote  this  severity, 
where  a  =  half  thickness  of  plate,  and  h  =  heat 
transfer  coefficient. 

If  the  term  T«  is  the  maximum  tempera¬ 
ture  from  which  the  material  can  be  quenched, 
then  for  a  mild  condition  (low  values  of  ah) : 

To  cc  K6/Ea  (6-25) 

but  for  severe  conditions  (high  values  of  ah)  : 

T0  «  S/E  a  (6-26) 

These  expressions  emphasize  the  fact  that  a 
material  may  have  satisfactory  thermal  shock 
resistance  under  mild  thermal  shock  conditions 
by  possessing  a  high  thermal  conductivity. 

However,  it  will  receive  essentially  no  benefit 

from  this  property  under  very  severe  condi¬ 
tions. 

The  thermal  shock  resistance  of  radome  ma¬ 
terials  is  stressed  here  because  of  the  impor¬ 
tance,  from  the  standpoint  of  material  selection, 
of  specifying  the  thermal  environment  in  which 
the  material  is  to  be  used.  It  has  often  been  the 
practice  to  give  a  single  number,  or  merit  index, 
to  indicate  the  thermal  shock  resistance  of  ma¬ 
terials  using  Eq.  6-24.  However,  as  pointed  out 
above,  such  a  number  is  of  value  only  under 
conditions  of  rather  mild  thermal  shock,  such 
as  reentry,  these  numbers  may  not  only  pro¬ 
vide  meaningless  data,  but  may  be  seriously 
misleading. 


6-3.5  NEW  TECHNIQUES 

With  few  exceptions,  the  extreme  environ¬ 
ment  in  the  nose  region  of  a  hypersonic  vehicle 
makes  the  use  of  a  conventional  antenna-ra- 
dome  system  impractical.  It  is  necessary  to  re¬ 
place  this  lost  capability  by  devising  other  tech¬ 
niques  for  providing  r-f  sensing  capability  in 
the  region  of  the  nose.  Although  it  is  recognized 
that  the  plasma  sheath  is  the  more  fundamen¬ 
tal  of  the  problems  responsible  for  this  lack  of 
capability,  the  development,  of  survivable  di¬ 
electric  on  metallic-dielectric  nose  structures 


must  be  pursued  if  the  compound  problem  is 
ever  to  be  solved. 

Chapter  2  discusses  techniques  that  show 
promise  for  use  in  cases  where  monolithic  wall 
radomes  cannot  survive.  The  various  alterna¬ 
tives  discussed  range  from  arrays  of  dielectric 
filled  slots  on  a  cone  to  geodesic  lens  structures 
integrated  into  the  nose  of  a  vehicle.  The  alter-, 
natives  all  suffer  when  compared  to  conven¬ 
tional  seeker-radome  configurations,  partic¬ 
ularly  in  scanning  flexibility,  and  gain  and  side- 
lobe  level  deterioration  as  a  function  of  scan 
tUJgla- 

While  there  appears  to  be  no  miracle  refrac¬ 
tory  dielectric  material  on  the  horizon,  the  ex¬ 
tension  of  r-f  system  capability  equivalent  to 
that  of  current  high-speed  aircraft  and  missiles 
to  hypersonic  vehicles  (not  necessarily  reentry 
vehicles)  appears  to  depend  on  the  development 
of  just  such  a  material, 

6-4  ELECTRICAL  DESIGN  OF  RADOMES 
FOR  HYPERSONIC  VEHICLES 

6-4.1  GENERAL  CONSIDERATIONS 

The  design  procedure  used  in  the  electrical 
design  of  a  radome  for  a  hypersonic  vehicle 
varies  considerably,  depending  upon  the  specific 
application  being  considered.  For  a  flush- 
mounted,  relatively  flat  window,  the  major  re¬ 
quirement  is  usually  to  optimize  the  design  for 
maximum  transmission  during  the  most  critical 
phase  of  the  mission.  Boresight  error  is  gen¬ 
erally  not  a  consideration  in  such  designs.  In 
the  case  of  a  radiation 'cooled,  nonablative  win¬ 
dow,  the  electrical  thickness  changes  as  a  func¬ 
tion  of  the  temperature  dependence  of  the  ma¬ 
terial’s  dielectric  properties  and  expansion  co¬ 
efficient,  If  these  properties  are  known  and  if 
the  wall  thickness  and  temperature  profile  are 
known,  an  electrical  design  can  be  achieved  that 
will  provide  maximum  transmission  at  any  de¬ 
sired  look  angle  and  temperature. 

If  the  window  is  cooled  by  ablation,  the  elec¬ 
trical  design  becomes  more  complicated.  The 
electrical  thickness  of  the  wall  is  still  dependent 
upon  the  dielectric  properties  of  the  material 
and  their  variation  with  temperature.  How¬ 
ever,  the  temperature  profile,  is  greatly  different 
from  that  of  the  radiation  cooled  window.  The 
surface  is  undergoing  ablation  while  the  region 
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Electrical  Dulgn  of  a  Flat  Window 

just  behind  the  ablating^ayer  has  very  steep 
temperature  gradients.  The  dielectric  proper¬ 
ties  of  the  ablating  layer  are  very  difficult  to 
determine  and  generally  must  be  estimated,  In 
addition,  the  physical  thickness  of  an  ablative 
window  can  and  generally  does  decrease  appre- 
"  ciably  during  a  mission  whereas  the  physical 
thickness  of  the  radiation  cooled  window  varies 
only  as  a  function  of  its  expansion  coefficient. 
The  result  is  that  the  electrical  design  of  an  abla¬ 
tive  window  is  generally  based  on  estimates  of 
what  the  window  thickness  will  be  and  what  the 
dielectric  properties  of  the  ablation  layer  are  at 
the  most  critical  part  of  the  mission.  Fortunate¬ 
ly,  the  problem  is  somewhat  mitigated  by  the  fact 
that  most  ablative  window  materials  have  dielec¬ 
tric  constants  below  5.0  and,  as  such,  do  not  cause 
excessive  mismatch  losses  even  though  the  wall 
thickness  may  be  very  much  less  than  optimum. 
The  greatest  unknown  by  far  in  the  design  of 
ablative  windows  is  the  effect  of  the  ablative 
layer.  This  is  particularly  true  of  the  char 
forming  ablators,  such  as  the  phenolics  and  cork 
compositions,  where  the  char  layer  can  become 
very  lossy, 

Although  nose-mounted  radomes  are  not  used 
in  current  reentry  vehicle  design  because  of 
materials  limitations  and  the  plasma  problem, 
some  mention  should  be  made  of  the  problems 
involved  in  theiif  electrical  design,  In  this  type 
of  radome,  boresight  error  and  error  rate  as 
well  as  transmission  are  critical  performance 
parameters.  As  with  the  flat  window,  all  three 
of  these  parameters  are  functions  of  the  elec¬ 
trical  thickness  of  the  wall,  Therefore,  an  opti¬ 
mum  design  requiies  that  the  insertion  phase 
difference  (IPD)  exhibited  by  the  radome  dur¬ 
ing  the  most  critical  phase  of  the  mission  be 
that  which  produces  the  best  compromise  be¬ 
tween  boresight  error,  error  rate,  and  trans¬ 
mission.  This  requires  an  experimental  pro¬ 


gram  to  determine  the  relationship  between 
IPD,  boresight  error,  error  rate,  and  transmis¬ 
sion.  This  fortunately,  can  be  done  at  room 
temperature  by  utilizing  several  radomes  of 
differing  IPD  values. 

6-4.2  ELECTRICAL  DESIGN  OF  A  FLAT  WINDOW 

The  transmission  and  reflection  coefficients 
of  a  flat  window  can  be  calculated  using  the 
method  presented  in  Reference  10,  This  method 
assumes  that  transmission  is  plane  wave.  The 
window  is  divided  into  m  arbitrary  layers,  each 
being  assigned  a  dielectric  constant,  loss  tan¬ 
gent,  and  thickness.  The  following  computa¬ 
tional  method  (Reference  10)  haH  proved  to 
be  highly  useful  when  programmed  on  a  digital 
computer. 

It  will  be  assumed  that  all  of  the  parameters 
(i.e.,  all  the  dielectric  constants,  loss  tangents, 
and  thicknesses)  are  given.  If  the  incident  me¬ 
dium  is  designated  by  (0),  and  if  the  wave 
enters  into  the  media  designated  by  (1),  (2), 
.  .  .  ,  (m)  in  that  order,  the  situation  is  de¬ 
scribed  in  Fig,  6-7. 

The  quantities  that  will  be  given  are 

k,u,  k.j,  k«8 . k,ra 

tan  80,  tan  5i, . . .,  tan  5m 

&1»  ftlti  •  •  •  i  ®m-l 

X 

where  \  =  wavelength  of  incident  radiation. 

It  is  now  possible  to  determine  the  transmis¬ 
sion  and  reflection  ratios  for  each  angle  of  inci¬ 
dence  in  the  following  manner. 

1.  Find  k,»  kt, . . . ,  kB 

where  k„  =  (2rr/\)  [k,1(  (1  +  i  tan  8„)  ],/a 
p==0,l,...,m 
i8  =  -  1 
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2.  Find Z0ii, Ztjj , . . . , Z-_i1-x 

ere  Z  —  ^coa^  _ 


where  Z 


1.  ««»■  fl  n  it  — y — ir  i'T  '*  y»  ~“ 

«.p  \.w  w2p  y*V  —  *MT  mu  t/Q 


8.  Find  runs,  r:taidi  tiiiai.  and  ta: 
where  r»,M  = 


p  =  0, 1, . . . ,  m  —  1 
q  =  p+  1 

3.  Find  Zm,  Zm, ....  Zt,_ll„| 

where  Z„  =  (V/k,3)  Znl 
p  =  0, 1, . . . ,  m  -  1 
q  =  P  + 1 

In  all  subsequent  calculations,  should  be 
used  for  perpendicular  polarization  and  Z„| 
should  be  used  for  parallel  polarization.  With 
this  in  mind,  ||  and  JL  subscripts  will  be.  omit¬ 
ted. 

4.  Find  rol,  ru, ....  rm_i,m 

rio.  ran  •  •  ■ » Vn-i 

where  r[MJ  ™  ^  ^  T£^~~  ~ 

p  =  0, 1 . m  —  1 

q=p  +  i 

B.  Find  ton  tia, .  • . ,  ta-i,! 

ti«i  tali  •  •  •  i  twi-l 
where  t„  =  1  -f  r*, 

tqp  —  1  —  Tpq 

p  =  0, 1, . . . ,  m  -  1 
q=p-t-l 

6.  Find  au»  aB, . a..!,.., 

where  a*,  =  eV.  «■  #u. 
kp cos  Ojj  =  Vk/—^ sin5*  0„ 
p  =  1, 2, . . . ,  m  —  1 

7.  Find  r«ia,  ral0,  t^a,  and  tai« 
where  r„ia  -  -r°1 


t<)ii:t  —  ■ 


tniataaaaa 
1  -  rjuraattiu* 


-|-  raioSaitSita81 

~  1  —  r„„r,:lu^ 


012  -  1  -  rlurIaai,J 

tpitiaan 

k,ls  ~  1  —  r10ruau* 

.  r»t  +  riQgitan2 

*,#  1  —  r10rlzauJ 

.  tigtaiSn 

l-r10rI2a„“ 

Spi  =  tpitio  —  foiTio  s=  1 
Sji  =  taitia  —  rSir„  =  1 


a  tanitaaSaa 

trni)  —  -i - - — —  ~ 

l  —  rai(iraaaa./ 

Sja  taatja  —  raafaa  =  1 

Soia  =  tniataiu  —  r„iaril0 

9.  Find  rUia:u,  rissio,  tmaai,  and  t.jam 
where  r.1M«  =  --°P  +  TuSuy:  & - 

1  -  rmor^Uaa-1 


toiaiu  ~  ' 


tma:it,na;i:i 


tiaaiu  — 


kiiim  —  .  -  a 

1*43  +  '*,Jt21l>fl4ntt3H34 
MMtO  —  - - —  ~  ' — rr- 

4.  tasiotinBan 

MB210  —  - - - TT  ."T 

I  —  raaioFiuBaa 
b4B  =s  t4:|t»4  —  r4Br34  1 
8012a  =  toi2it;t2io  —  1*01231*3210 

10.  This  process  is  continued  until  one  finds 

1*012  .  .  .  m  —  1,  l*m— l,m— 2,  ,  .  .  ,  0, 
t«t2  .  .  .  u»  —  1,  tm  — l,m— 2,  .  .  .  ,  0 

where  r0ia  . . .  m-i  = 

1*012  .  ,  ■  to— 2  4“  l*m  -S.ib-mBqi  ,  ,  .  m-2&am  -2,w-2 
1  Taj  ...  1  ()l"it»  -2,111  — l^m —2,m  — 2 

rB— i,»-2, . . . ,  0  = 

1*0  —  1,01—2  +  fm— 2.m-3,  ....  lAm  — l,ni  — 2^Jm— 2,m--2 
1  —  rm-a.m-3,  ....  ol*»— 2,m  — ltt* m-2.ni— 2 

toia  .  .  .  m-l  — 

t<)i  ,  ,  ,  m  —  atm  —  2,m  —  l&m  —  2,m  —  2 
1  I'm—  a,m— 3,  ....  olio— 2,m  — a.m  — 2 

tm— 1,»  —  2,  .  .  .  ,  0  == 

tm  —  a, 10 — 3,  ....  otni  — I.ni  — 2ttm— 2,m  —  2 
1  —  1%»— 2.01-3,  .  .  .  ,  0 1* in  —2,m  —  infill  —2,111—2 

Am-  l,n-2  *“  t„j  —  l.m-attn  —  2.m  —  1 

I*yn  — l,m  — 2l*ni— 2,m  -1  — -  1 

8(11  .  ,  .  m  — 2  toi  ,  .  .  m—  atm  —  2,m-  3 . 0 

—  1*01  .  .  .  iu— 2l*m— 2,m-3 . 0 
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1 1 .  The  reflection  and  transmission  ratios 
for  the  (m  —  l)-ply  sandwich  can  now 
be  calculated  using  the  following  formu¬ 
las 

Tola  .  .  .  a  ~ 

run  .  .  .  m—  1  Hh  rm--l.m8ol  .  .  .  m  -  lS~ni  -  1  ,m  -  I 
1  Tm  — i.m— a . or,i,_i.Ma-|„..i,m-.i 

t«ia  ,  ,  ,  m  —— 

_ bn  .  .  .  tn  — ltpt-  1  mU-gi  —  l ,m  - i _ 

1  —  rm_1,m_21  .  .  .  ,  oTlil  —  l.m  —  I 

Where  Soi  .  .  .  »  —  I  —  bll  .  .  .  m-  lt«i  —  1 . 0 

* —  r<)l  .  .  .  m  —  ll*m  —  1  ...  0 

If  the  media  designated  by  (0)  and  (m)  are 
such  that  k,0  =  k,]u  =  1  and  tan  6„  =  tan  8„  =  0, 
the  squares  of  the  magnitudes  of  r„  a . . .  m  and 
toia  iu  are  equal  to  the  reflection  and  the  trans¬ 
mission  coefficients,  respectively.  Under  this  as¬ 
sumption,  the  reflection  and  transmission  coeffi¬ 
cients  and  their  associated  phases  can  be  found 
by  determining 

| Tina  . . .  mj2 
| bus  .  .  .  m|* 

Toia  . . .  m 
fioia  .  . .  n 

where  r0ia  ...a--  !bna  . . .  m|  c'^oia . . .  m 

toiS...a=  Ibna  .  .  .  »|  e“oia  .  .  .  m 

The  insertion  phase  difference,  I  PD,  is  then 

1PD  =  8„,a ...»  -  cos  e„  V  “~ai 

The  method  of  Reference  10  can  be  extended 
to  allow  optimization  of  transmission  as  a  func¬ 
tion  of  layer  thickness.  This  optimization 
scheme  has  also  been  programmed  for  digital 
computation  and  has  been  found  to  be  very 
useful  (see  Paragraph  2-2).  The  thermal  pro¬ 
file  determined  in  the  thc-mal  analysis  and 
structural  design  can  bo  used  as  a  basis  for 
dividing  the  wall  into  layers.  The  number  of 
layers  is  a  function  of  the  slope  of  the  tempera¬ 
ture  profile ;  the  steeper  the  gradient,  the  more 
layers  are  required  to  get  a  good  approximation 
of  the  continuously  varying  gradient  through 
the  wall. 

The  values  of  dielectric  constant  and  loss 
tangent  assigned  fo  each  layer  must  be  prede¬ 
termined  by  the  use  of  a  high-temperature  di¬ 
electrometer  (Reference  11). 


6-4.3  ELECTRICAL  DESIGN  OF  NOSE-MOUNTED 
OGIVAL  SHAPED  RA DOMES 

As  previously  mentioned,  the  use  of  this  type 
of  radome  for  hypersonic  vehicles  is  severely 
restricted  because  of  the  thermal  shock  and 
plasma  ’oblems.  However,  because  of  the  prob¬ 
ability  mat  these  problems  will  eventually  be 
solved  or  at  least  reduced,  some  consideration 
must,  be  given  to  the  design  techniques  used  for 
such  radomes.  One  of  the  moBt  successful  de¬ 
sign  approaches  to  nose  radomes  that  must  op¬ 
erate  over  a  wide  temperature  range  is  pre¬ 
sented  in  Reference  12.  The  basic  design  philos¬ 
ophy  is  that  once  the  basic  radome  and  antenna 
configuration  have  been  specified,  the  radome 
IPD  is  the  fundamental  parameter  controlling 
the  far  zone  fields  and,  consequently,  the  ra¬ 
dome  boresight  error  and  transmission.  By  de¬ 
termining  the  optimum  frequency  of  the  ra¬ 
dome  and  antenna  combination  in  terms  of  IPD, 
th j  design  can  then  be  based  on  IPD  values 
rather  than  actual  boresight  error  transmission 
values.  This  results  in  considerable  simplifica¬ 
tion  of  the  design  problem  in  that,  the  relation¬ 
ship  of  the  radome  parameters  (dielectric  con¬ 
stant,  physical  thickness,  and  loss  tangent)  to 
IPD  is  much  simpler  tuan  their  relationship  to 
the  far  zone  field  patterns  or  boresight  error. 
An  additional  advantage  of  this  design  proce¬ 
dure  is  that  the  variation  of  IPD  with  tempera¬ 
ture,  which  can  be  calculated  from  the  material 
characteristics,  can  be  used  to  design  a  radome 
to  operate  at  any  given  temperature.  For  a  de¬ 
tailed  discussion  of  the  design  approach,  refer 
to  the  reference. 

6-4.4  EFFECT  OF  PLASMA  ON  RADIO-FREQUENCY 
PROPAGATION 

While  this  chapter  is  concerned  primarily 
with  radomes  and  antenna  covers  for  hyper¬ 
sonic  vehicles,  it  would  be  incomplete  without 
a  brief  discussion  of  plasma  effects.  Reentry 
into  the  earth’s  atmosphere  at  velocities  in  ex¬ 
cess  of  Mach  10  and  below  400,000  ft  is  gen¬ 
erally  accompanied  by  the  presence  of  ionized 
air  covering  the  vehicle  and  extending  aft  into 
the  wake  region.  The  level,  thickness,  and  uni¬ 
formity  of  the  ionized  air  about  the  vehicle 
vary  considerably  over  its  srrface.  The  air  at 
the  stagnation  region  on  the  nose  is  normally 
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whereas  the  regions  further  aft  are  less  dense 
but  normally  much  thicker.  The  presence  of  free 
electrons  in  the  ionized  air  behind  the  shock 
wave  is  responsible  for  attenuation  of  radio- 
frequ:ncy  signals,  antenna  pattern  distortion, 
voltage  breakdown,  and  coupling  between  an¬ 
tennas  in  close  proximity  in  the  plasma  sheath. 
These  effects  result  from  the  very  substantial 
change  in  the  conductivity  of  the  air  in  the 
presence  of  these  charged  particles, 

Ballistic  reentry  vehicles  generate  relatively 
strong  shock  waves  with  accompanying  high 
levels  of  ionization.  These  shocks,  however,  are 
generally  thinner  than  those  for  a  glide  reentry 
vehicle.  Reentry  time  is  but  a  few  minutes  with 
surface  ranges  of  a  few  hundred  miles. 

Glide  reentry  vehicles  generate  relatively 
weaker  shock  waves  and  therefore  lower  levels 
of  ionization.  Shock  layers  are  relatively  thick 
■  compared  to  the  ballistic  types.  Reentry  inter¬ 
vals  range  from  15  minutes  to  beyond  an  hour’s 
time,  depending  upon  glider  design  parameters 
and  the  angle  of  attack  to  the  free  stream, 
These  vehicles  exhibit  much  greater  changes 
in  the  ionization  level  over  their  surfaces  than 
do  ballistic  vehicles,  particularly  for  the  region 
aft  of  the  nosecap.  This  results  because  of  the 
lift  and  control  surfaces,  such  as  the  wings 
and  rudders,  which  generate  oblique  shock  pat¬ 
terns  over  surface  regions  that  are  free  from 
the  strong  bow  shock. 

The  occurrence  of  radio-frequency  “black¬ 
out”  at  220  me  and  6.0  gc  is  commonly  experi¬ 
enced  with  ballistic  missiles.  Theoretical  cal¬ 
culations  for  glide  reentry  vehicles,  such  as 
Dyna-Soar  and  Asset,  indicate  probable  satis¬ 
factory  performance  in  the  general  frequency 
range  of  X-band  and  higher  frequencies.  The 
theory  has  been  borne  out  by  an  Asset  flight  in 
which  X-band  communication  was  maintained 
all  the  way  from  liftoff  to  splash-down,  includ¬ 
ing  a  full  10  min.  of  glide  reentry.  Injection  of 
Asset  into  the  glide  reentry  took  place  at 
203,000  ft  with  the  vehicle  traveling  at  16,000 
fps. 

6-4.4. 1  Prediction  of  R-F  Performance  in  a  Platma 
Environment 

As  a  rather  useful  oversimplification  of  the 
situation,  the  plasma  sheath  can  be  thought  of 
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r-f  signals,  passing  to  and  from  the  vehicle, 
must  propagate. 

The  striking  difference  between  the  plasma 
sheath  and  an  ordinary  electromagnetic  window 
is  the  wide  range  of  values  that  the  attenuation 
and  phase  constants  of  a  plasma  may  assume. 
The  attenuation  and  phase  constants  of  a 
plasma  may  be  expressed  by : 

(6-27) 


^  ~  1 

-]) 

(6-28) 

where 

(6-29) 

and  c  —  velocity  of  light 

a  =  attenuation  constant 
p  =  phase  constant 
v  —  electron  collision  frequency 
w  =  signal  angular  frequency 
o)p  —  plasma  frequency 

Reference  13  presents  the  graphs  of  the  nor¬ 
malized  attenuation  and  phase  constants  of  a 
plasma  as  functions  of  collision  frequency  and 
sign  ngular  frequency.  These  are  shown  in 
Pigs.  6-8  and  6-9.  Figure  6-8  is  divided  into 
four  regions  of  interest,  all  of  which  can  occur 
in  reentry  plasmas,  Region  I  is  characterized 
by  an  attenuation  that  decreases  with  increas¬ 
ing  «  and  increases  with  increasing  v.  In  Re¬ 
gion  II,  attenuation  is  relatively  constant  with 
ca  and  v,  and  is  several  orders  of  magnitude 
greater  than  that  of  Region  I,  In  Region  III, 
attenuation  increases  slowly  with  increasing  <u 
and  decreases  with  increasing  v.  In  Region  IV, 
attenuation  is  essentially  independent  of  u>  but 
decreases  with  increasing  v.  Figure  6-9  is  the 
companion  graph  illustrating  the  dependence 
of  phase  constant,  /},  on  collision  frequency  and 
signal  angular  frequency.  Again,  the  graph  is 
divided  into  regions.  Region  I  is  characterized 
by  /3/to,,,  which  varies  lineurly  with  increasing 
ro/to,,,  but  is  independent  of  v.  This  corresponds 
to  the  free-space  value.  In  region  II,  /3/u>l,  varies 
rapidly  with  both  v/w,,  and  w/wv.  Region  II  is 
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characterized  by  high  values  of  reflection  co¬ 
efficient  and,  hence,  poor  transmission.  Region 
III  shows  a  /3/co,,  decreasing  with  increasing 
v  'hi.,  and  increasing  with  increasing  <a /<•>...  The 
characteristics  of  Region  III  can  vary  all  the 
way  from  those  of  free  space,  such  as  Region 
I,  to  those  of  a  highly  reflective  medium,  such  as 
Region  II, 

As  seen  in  Figs,  6-8  and  6-9,  the  propagation 
properties  of  a  plasma  can  take  on  the  charac¬ 
teristics  of  a  lossy  dielectric,  a  conductor,  or 
free  space,  depending  upon  the  plasma  critical 
frequency,  w„,  and  the  mean  electron  collision 
frequency.  The  plasma  frequency  is  related  to 
the  electron  density  by : 

cu„=  (NeCVcum)1^  (6-30) 

where  N„  =  number  of  electrons/meter3 
e  =  charge  of  electron,  coulombs 
m  =  mass  of  an  electron,  kilograms 
e0  =  dielectric  constant  of  free  space 

The  collision  frequency  and  electron  density 
are  both  temperature-dependent  variables.  In 
order  to  obtain  a  and  /3  directly  from  Figs.  6-8 


FIguro  6-8.  Normalized  Attenuation  Contfanf  at  a 
Function  of  Normalized  Collision  Frequency  and 
Wave  Frequency 


Flgurt  6-9.  Normalized  Phase  Consfanf  as  a  Func¬ 
tion  of  Normalized  Collision  Frequency  and 
Wave  Frequency 


and  6-9,  it  is  necessary  to  know  the  collision 
frequency  and  plasma  frequency  (or  electron 
density)  for  the  aerothermodynamic  situation 
being  considered.  Reference  14  presents  a  series 
of  graphs  to  obtain  values  for  the  electron 
density  and  collision  frequency  of  shocked  air 
as  functions  of  temperature  and  air  density 
ratio.  The  data  are  divided  into  two  categories: 
(1)  that  in  which  the  aerothermodynamic 
parameters  are  known  and  (2)  that  in  which 
only  altitude  and  velocity  are  known.  With  Figs. 
6-8  and  6-9  and  the  appropriate  graphs  from 
Reference  14,  values  for  a  and  /3  can  be  cal¬ 
culated.  The  problem  is  then  resolved  into  the 
one  familiar  to  the  radome  designer,  i.e„  propa¬ 
gation  through  a  material  with  a  complex  pro¬ 
pagation  constant. 

6-4. 4. 2  Inhomogonoout  P'atmai 

As  with  a  radome  wall,  the  plasma  layer  is 
often  inhomogeneous,  The  case  of  a  plasma 
layer  with  gradients  in  the  direction  of  propa¬ 
gation  can  be  analyzed  in  much  the  same  man- 
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ner  as  a  multilayer  radome.  Consider  the  case 
of  an  aerothermodynamic  profile  in  which  the 
temperature  and  the  density  ratio  of  a  plasma 
are  functions  of  distance  from  the  surface  of 
the  vehicle  in  the  direction  of  wave  propagation. 
The  plasma  can  be  described  as  being  made  up 
of  many  discrete  layers,  all  normal  to  the  direc¬ 
tion  of  propagation.  The  mean  temperature 
and  air  density  ratio  for  each  layer  are  deter¬ 
mined  from  the  aerothermodynamic  profile.  The 
a  and  ft  associated  with  each  layer  can  be  de¬ 
termined  as  previously  described.  The  problem 
is  then  resolved  into  one  of  calculating  the 
transmission  and  reflection  coefficients  of  a  mul¬ 
tilayered  medium  for  which  a  and  /3  are  known 
for  each  layer.  This  is  a  formidable  problem 
without  the  aid  of  a  digital  computer.  There 
are,  however,  numerous  computer  programs  in 
existence  to  handle  such  problems,  one  of  the 
better  known  ones  is  described  in  Reference 
10  (also,  see  Paragraph  2.2) . 

6-4.4. 3  Ptasma-IndiKsd  Antenna  Pattern  Distortion 

The  plasma  sheath,  like  a  radome,  can  dis¬ 
tort  the  pattern  of  an  antenna  located  behind 
it.  Because  of  the  generally  inhomogeneous  na¬ 
ture  of  a  plasma,  the  complex  propagation  con¬ 
stant  can  vary  not  only  in  the  direction  of  pro¬ 
pagation,  but  also  in  the  plane  normal  to  the 
direction  of  propagation.  Since  the  thickness 
of  the  plasma  may  also  vary  over  the  surface 
of  the  vehicle,  serious  phase  errors,  and  hence, 
pattern  distortion  can  occur.  One  can  think  of 
the  plasma  as  causing  random  variations  in  the 
amplitude  and  phase  distribution  of  the  an¬ 
tenna.  The  far-field  pattern  of  the  antenna 
when  observed  from  beyond  the  plasma  ap¬ 
pears  as  the  far-field  pattern  of  a  source  whose 
amplitude  and  phase  distribution  is  a  combina¬ 
tion  of  that  of  the  original  source  and  the  modi¬ 
fication  caused  by  the  presence  of  the  plasma. 

The  problem  of  the  effect  of  a  plasma  on  the 
radiating  characteristics  of  antennas  has  been 
investigated  both  experimentally  and  theo¬ 
retically  (References  15  to  17).  Figure  fi-10 
(Reference  16)  showB  the  effect  of  a  helium 
plasma  on  the  far-field  radiation  pattern  of  a 
horn  antenna  at  9.7  gc.  The  most  significant  fea¬ 
ture  is  a  pronounced  minimum  observed  at  nor¬ 
mal  incidence,  which  becomes  more  predomi¬ 
nant  with  increasing  plasma  density. 


Figure  6-11  shows  patterns  of  a  slot  antenna 
covered  with  a  simulated  isotropic  plasma 
(Reference  1'/).  The  simulation  technique 
utilizes  a  tank  filled  with  low-loss  oil  as  the 
propagation  medium.  A  plasma  is  simulated  by 
covering  the  slot  antenna  with  a  dielectric  ma¬ 
terial  (in  this  case,  styrofoam)  whose  dielec- 
tris  constant  is  less  than  that  of  the  oil  in  which 
it  is  immersed.  This,  then,  is  analogous  to  the 
slot  antenna  in  free  space  covered  with  a  plasma 


Figure  6-10.  Effocf  of  Helium  Plasma  of  X-Band 
on  Far-field  Kodlalion  Pattern  of  Horn  Antenna 
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slab  with  a  dielectric  constant  less  than  unity. 
The  flnfpnnw  nuttovri  \a  obtS!?!Sd  by  !710£S'virir.£ 
the  field  about  the  antenna  in  the  oil-filled  tank. 
The  inside  of  the  tank  is  lined  with  absorber 
material  to  prevent  reflections  from  the  tank 
walls.  This  simulation  technique  permits  a  wide 
range  of  plasma  conditions  to  be  studied.  The 
major  limitations  are  that  materials  for  simu¬ 
lating  very  lossy  plasmas  or  plasmas  With  nega¬ 
tive  dielectric  constants  are  not  available. 

6-4.4.4  Alleviation  of  Plaima  Effects  on  R-F 
Propagation 

Techniques  for  alleviating  or  eliminating  sig¬ 
nal  attenuation  in  the  presence  of  a  plasma 
have  been  the  subject  of  concern  and  study 
since  the  late  1960’s.  Among  the  techniques  that 
have  been  considered  are : 

1.  The  use  of  radio  frequencies  higher  than 
the  plasma  resonance  frequency  to  de¬ 
crease  plasma  attenuation  to  satisfactory 
system  levels. 

2.  The  use  of  sharply  pointed  reentry  bodies 
to  generate  a  thin  shock  layer  with  low 
overall  attenuation. 

3.  The  injection  of  fluids  that  decrease  the 
electron  density  by  attacking  electrons 
and/or  forcing  their  recombination  with 
positive  ions, 

4.  The  use  of  aerodynamic  spikes  on  the  nose 
of  a  reentry  vehicle  to  produce  a  thin 
shock  layer,  which  is  also  cooled  by  gas 
injection. 

6.  The  use  of  a  steady  magnetic  field  in  the 
direction  of  propagation  to  obtain  an  effi¬ 
cient  propagation  mode  at  operating  fre¬ 
quencies  below  plasma  resonance. 

6-4.4.4.1  Operating  Frequency  Above  Plasma 
Resonance.  The  use  of  an  operating  frequency 
above  plasma  resonance  is  generally  the  sim¬ 
plest  way  of  solving  the  plasma  attenuation 
problem,  if  the  plasma  density  is  such  that  rea¬ 
sonable  radio  frequencies  can  be  used.  During 
the  X-20  (Dyna-Sosr)  program,  detailed 
studies  were  conducted  for  determining  regions 
of  low  electron  densities  that  might  also  be 
suitable  for  antenna  locations.  Consideration 
was  given  to  structural  requirements,  weight, 
volume,  and  probability  of  good  pattern  cover¬ 
age,  Antenna  locations  on  the  lower  surface 
were  chosen,  outboard  from  the  vehicle’s  cen¬ 


terline  and  near  the  wing’s  leading  edge.  To 
meet  the  requirement  of  uiuiiiuirecuonui  cov¬ 
erage,  top-mounted  antennas  were  used  in  con¬ 
junction  with  the  bottom  surface  antennas. 

Signal  attenuation  studies  indicated  that  at¬ 
tenuation  levels  of  JO  to  70  db  would  be  encoun¬ 
tered  in  penetrating  the  vehicle’s  plasma 
sheath,  requiring  an  impractically  large  air¬ 
borne  transmitter. 

The  SHF  band  (10.4  gc  to  13.5  go)  was  con¬ 
sidered  and,  after  a  thorough  study,  was  se¬ 
lected  for  the  X-20  communications  system. 
Radio  blackout  for  the  X-20,  using  the  SHF 
communications  system  would  be  expected  only 
for  high  angles  of  attack  (40°  to  50°)  and  would 
not  normally  be  encountered  at  normal  angles 
of  attack  (30°). 

The  results  of  the  plasma  sheath  study  for 
the  X-20  program  are  included  in  Reference  18. 

6-4, 4.4.2  Sharply  Pointed  Reentry  Bodies.  This 
concept  employs  a  low  cone-angle,  equiaxial, 
symmetrical,  cone-shaped  body  incorporated 
into  the  forward  tip  of  the  vehicle’s  nose  cap. 
It  functions  by  reducing  the  bow  shock  at  the 
tip  to  a  thin  ionized  cover,  with  the  antenna 
incorporated  within  the  cone  so  that  it  propa¬ 
gates  through  the  electrically  thin  shock  wave. 
This  method  has  been  used  successfully  in  pro¬ 
viding  telemetry  transmission  at  200  me  from 
a  reentering  target  vehicle  nose  cone  (Refer¬ 
ence  19). 

6-4.4.4.S  Injection  of  Fluids  Into  the  Boundary 
layer.  This  approach  reduces  the  plasma  den¬ 
sity  on  the  vehicle’s  surface  by  one  or  both  of 
the  following  mechanisms :  (1)  cooling  the  gas, 
thereby  causing  electrons  to  recombine  with 
positive  ions,  and  (2)  attaching  electrons  to 
molecules,  thereby  reducing  their  influence  on 
the  electrical  conductivity  and,  thus,  on  elec¬ 
tromagnetic  propagation. 

The  injection  of  electron  acceptor  additives, 
such  as  fluorine,  has  been  considered  as  a 
method  of  reducing  the  electron  density  in  the 
plasma  layer.  In  general,  the  improvement  pro¬ 
vided  by  this  technique  has  been  insufficient  to 
justify  the  cost  and  complexity  of  the  system. 
Cooling,  however,  has  an  important  effect  in 
decreasing  the  electron  density,  and  any  fluid 
with  a  high  heat  capacity  and  high  ionization 
potential  would  be  useful.  Liquid  water,  for 
example,  if  it  could  be  injected  behind  the 
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shock  front  so  as  to  cool  the  plasma  about  an 
antenna,  would  require  feasible  rates  of  water 
injection.  Results  of  recent  teat  flights  uu  a 
vehicle  using  water  injection  into  the  plasma 
layer  indicate  complete  alleviation  of  plasma 
attenuation  at  200  me. 

6-4.4.4.4  Aerodynamic  Spikes.  The  injection  of  a 
gas  along  the  axis  of  a  hollow  nose-mounted 
probe  into  the  free  stream  produces  a  thin 
shock  layer  of  cooled  gas  about  the  probe  re¬ 
sulting  in  low,  ionized  gas  density  in  the  vicinity 
of  the  probe.  Utilization  of  this  concept  has 
been  suggested,  with  the  probe  designed  for  use 
as  a  telemetry  antenna.  This  approach  com¬ 
bines  the  techniques  of  cooling  by  injection  of 
a  gas  or  liquid  into  the  boundary  layer  and 
providing  a  thin  shock  layer  by  use  of  a  sharply 
pointed  protrusion,  in  this  case,  the  gas  jet. 

6-4.4. 4.5  Steady  Magnetic  Field.  The  principle  of 
propagation  in  magneto-ionic  media  has  been 
understood  since  at  least  1927,  when  Appleton 
published  his  magneto-ionic  theory.  The  appli¬ 
cation  then  was  propagation  in  the  ionosphere 
in  the  presence  of  the  earth’s  magnetic  field. 
The  longitudinal  magnetic  field  approach  for 
the  penetration  of  a  plasma  has  recently  gained 
attention  in  connection  with  propagation  In  the 
"whistler"  mode.  This  approach  functions  by 
establishing  particular  propagation  modes  that 
can  efficiently  transmit  signal  energy  ir  mag¬ 
neto-ionic  media  at  communication  frequencies 
below  the  plasma  resonance  of  the  ionized  gas. 

The  first  definitive  laboratory  verification  of 
propagation  in  the  whistler  mode  demonstrated, 
under  carefully  controlled  conditions,  the  propa¬ 
gation  of  a  right-hand  circularly  polarized 
wave  in  a  plasma  along  a  d-c  magnetic  field 
(Reference  20).  As  much  as  a  25-db  difference 
in  transmission  iwas  noted  for  a  right-hand, 
circularly  polarized  X-band  signal  propagating 
through  a  strong  plasma  first  with  and  then 
without  a  4-kilogauss,  parallel  magnetic  field. 
Propagation  in  the  whistler  mode  has  been 
demonstrated  by  numerous  other  sources  in 
recent  years.  The  only  drawback  to  implement¬ 
ing  the  system  seems  to  be  that  hulky  magnets 
are  needed  to  provide  the  3trong  magnetic  fields 
required.  Various  techniques  have  been  pro¬ 
posed  using  permanent  magnets,  electromag¬ 
nets,  and  superconducting  magnets.  They  all 


suffer  from  size,  weight,  and,  in  the  case  of  the 
cryogenic  superconducting  device,  relative 
complexity. 

It  appears  that,  although  propagation 
through  a  plasma  hy  means  of  the  whistler 
mode  requires  bulky  magnets,  this  is  the  only 
available  approach  for  transmitting  through  a 
plasma  whose  critical  frequency  is  higher  than 
the  signal  frequency. 

6-5  MATERIALS  FOR  USE  IN  HYPERSONIC 
VEHICLE  ELECTROMAGNETIC 
WINDOWS* 

6-5.1  INTRODUCTION 

The  spectacular  advances  in  aerospace  tech¬ 
nology  in  the  last  decade  have  been  made  pos¬ 
sible,  in  part,  by  the  development  of  new  ma¬ 
terials  and  the  use  of  existing  materials  in  new 
and  different  applications.  In  the  field  of  metals, 
the  continuing  development  of  the  superalloys 
and  the  refractory  group  has  allowed  the  de¬ 
velopment  of  types  of  reentry  vehicles  not  pre¬ 
viously  feasible.  Vehicles  such  as  Dyna-Soar 
and  Asset  are  examples  of  structures  whose 
survival  depends  upon  the  performance  of 
superalloys  and  their  oxidation  resistant  coat¬ 
ings.  In  ballistic  missiles,  the  development  of 
high-performance  ablative  coatings  has  led  to 
missiles  that  are  much  lighter  for  a  given 
range-payload  product  than  their  predecessors. 

In  the  field  of  dielectric  materials,  materials 
are  available  that  cun  withstand  all  but  the  most 
severe  thermal  environments  associated  with 
hypersonic  vehicles.  Inorganic  laminates,  the 
counterpart  of  the  well  known  organic  resin- 
fiberglass  composites,  offer  promise  as  high- 
temperature  materials  without  the  usual  draw¬ 
back  of  an  excessively  high  modulus  of  elas¬ 
ticity.  Even  organics  are  being  developed  for 
use  at  temperatures  well  beyond  those  deemed 
possible  only  several  years  ago.  The  Polyben¬ 
zimidazole  family  and  the  polyamides  show 
promise  of  continuous  use  at  100°F  to  200°F 
above  present  organic  resin-fiberglass  lami¬ 
nates.  Oxide  ceramics  with  low  loss  tangents 
even  af  their  maximum  temperature  limit  have 
been  developed  for  use  beyond  30G0oF.  Nitrides 
have  been  developed  that  have  operating  tem- 


*  See  Chapter  4. 
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pc  rat  urea  beyond  3000°F  and  yet  can  be  ma¬ 
chined  with  ordinary  carbide  cutting  tools. 

The  following  paragraphs  are  concerned 
primarily  with  the  use  of  dielectric  materials 
in  the  design  of  high-temperature  electromag¬ 
netic  windows  for  hypersonic  vehicles.  In  Para¬ 
graph  6-2,  the  range  of  temperatures  to  which 
electromagnetic  windows  for  hypersonic  vehi¬ 
cles  are  exposed  was  calculated.  T  Chapter  1 
and  in  Paragraph  6-3,  the  physic*  properties 
required  to  withstand  the  stresses  imposed  by 
aerothermodynamic  inputs  are  examined.  Para¬ 
graph  6-4  indicates  the  necessity  for  materials 
that  have  low  electrical  loss  characteristics  and 
minimum  change  in  dielectric  constant  as  tem¬ 
perature  varies. 

The  purpose,  then,  is  to  present  the  charac¬ 
teristics  of  currently  available  dielectric  ma¬ 
terials  and  to  determine  their  suitability  for 
electromagnetic  window  applications  within  the 
framework  of  the  thermal,  structural,  and  elec¬ 
trical  requirements  developed  in  the  previous 
paragraphs. 

6-5.2  CERAMICS 

Ceramics  find  application  in  electromagnetic 
windows  where  long-term  continuous  operation 
is  required  and  where  the  thermal  input  is  such 
that  catastrophic  thermal  shock  does  not  occur 
(Reference  21).  Ceramic  radomes  are  also  often 
used  for  short  time-of-flight  missiles  where  the 
surface  temperature  exceeds  the  decomposition 
point  of  organic  resin-fibergiasa  laminates,  and 


in  which  the  critical  electrical  performance  re¬ 
quirements  do  not  permit  the  change  in  wall 
eiecincai  thickness  associated  with  an  ablative 
radome. 

Examples  of  current  vehicles  that  use  ce¬ 
ramic  radomes  are:  Asset,  which  uses  flush- 
mounted  alumina  radomes,  and  the  Mauler 
ground-to-air  missile,  which  uses  a  Pyroceram 
rsdome.  Some  of  the  specific  ceramic  materials 
and  their  characteristics  are  listed  in  Table  6-1. 

6-5.2. 1  Alumina 

Alumina  (Al-At)  is  one  t>f  the  most  widely 
used  of  the  oxide  ceramic  group.  It  is  available 
in  a  range  of  purities  from  8B%  to  99.9% 
ALiOj.  The  available  range  of  densities  varies 
from  a  low  of  less  than  1  gm/cm11  for  foams 
to  a  maximum  theoretical  density  of  3.97 
gm/cm3.  Alumina  finds  application  in  flush- 
mounted  electromagnetic  windows  for  glide  re¬ 
entry  vehicles  and  as  radomes  for  interceptor 
missiles  where  the  thermal  shock  environment 
is  not  too  severe.  Successful  attachment  tech¬ 
niques  have  been  developed  using  both  ceramic- 
to-metal  brazing  and  mechanical  clamping 
schemes.  The  electrical  properties  of  alumina 
are  excellent  even  at  temperatures  near  its 
maximum  short-term  working  limit  of  3100°F. 
However,  it  should  be  mentioned  that  the 
change  in  dielectric  constant  from  room  tem¬ 
perature  to  2600 °F  is  sufficient  to  detune  the 
signal  for  some  applications.  Alumina  compo¬ 
nents  are  readily  available  on  a  custom  fabri- 


TA3LE  6-1  PHYSICAL  AND  THERMAL  PtOPKTIES  OF  CERAMICS 
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cated  basis  from  several  technical  ceramic 
manufacturers  (see  Paragraph  4-3). 

6-5.2.2  Baryllia 

Be ry Ilia  (BeO)  finds  application  in  situations 
where  the  combination  of  high  temperature 
capability,  low  loss  tangent,  and  high  thermal 
conductivity  is  required.  The  most  striking 
characteristic  of  BeO  is  its  high  thermal  con¬ 
ductivity  (126  Btu/hr-ft-°P  at  room  tempera¬ 
ture),  which  is  almost  that  of  copper.  Under 
certain  conditions,  this  property  gives  BeO  out¬ 
standing  resistance  to  thermal  shock.  However, 
for  very  high  heating  rates,  a  high  thermal 
conductivity  does  not  ensure  superior  thermal 
shock  resistance.  This  is  shown  graphically  in 
Fig.  1-22,  which  compares  the  thermal  shock 
resistance  of  various  ceramics.  The  high  cost 
and  toxicity  of  the  beryllia  raw  material  have 
limited  its  use  in  radome  applications  (see 
Paragraph  4-6). 

6-5. 2.3  PyroMram 

Pyroceram  is  the  trade  name  for  a  family  of 
glass-ceramics  developed  by  the  Corning  Glass 
Works.  The  type  of  greatest  interest  for  elec¬ 
tromagnetic  window  applications  is  Pyroceram, 
code  9606.  This  material  has  found  use  in 
numerous  surface-to-air  and  air-to-air  inter¬ 
ceptor  missile  radomes.  Its  primary  advantages 
are  a  relatively  low  expansion  coefficient  and 
modulus  of  elasticity,  and  its  high  flexural 
strength.  This  combination  of  properties  makes 
Pyroceram  9606  one  of  the  most  widely  used 
ceramic  materials  for  electromagnetic  windows 
where  resistance  to  thermal  shock  is  a  require¬ 
ment,  However,  the  uBe  of  this  material  is  lim¬ 
ited  to  about  lflOO°F  because  of  decreased 
strength  and  increased  loss  to  gent. 

A  summary  of  the  physical  and  thermal  prop¬ 
erties  of  Pyroceram  9606  is  given  in  Paragraph 
4-4. 

6-5.2  4  Slip-Cmt  Fused  Silka 

Slip-cast  fused  silica  offers  a  solution  to  the 
electromagnetic  window  problem  when  struc¬ 
tural  requirements  due  to  aerodynamic  loading 
are  relatively  low,  but  the  thermal  shock  envi¬ 


ronment  severe  (Reference  22).  Recent  experi¬ 
mental  data  (Reference  22)  indicate  that  it  is 
not  possible  for  a  slip-cast  fused  silica  window 
to  fail  in  thermal  shock  under  any  conceivable 
condition  of  thermal  input.  In  addition  to  this 
remarkable  property,  slip-oast,  silica  has  a  low 
dielectric  constant  and  loss  tangent  with  only 
slight  temperature  dependence.  The  major  dis¬ 
advantages  of  the  material  are  its  relatively 
low  flexural  strength  and  the  fact  that  it  is 
somewhat  porous  and  absorbs  moisture  if  the 
surface  is  not  properly  sealed. 

The  physical  and  thermal  characteristics  of 
typical  slip-cast  fused  silica  are  given  in  Para¬ 
graph  4-5. 

6-5 .2.5  Other  Ceramics 

The  following  is  a  list  of  some  lesser-used 
ceramics,  with  a  summary  of  comments  on 
their  use  as  electromagnetic  windows:  (1) 
Magnesia:  Good  strength  and  dielectric  prop¬ 
erties,  but  very  poor  thermal  shock  resistance. 
(2)  Magnesium  alumina  te  spinel:  Good 
strength  and  dielectric  properties.  Not  readily 
available.  Shows  no  particular  advantages  over 
cheaper  and  more  readily  available  alumina.  (3 ) 
Boro n  nitride:  Fair  strength,  good  dielectric 
properties,  readily  machinable.  Oxidizes  above 
1800”F.  Pyrolytic  boron  nitride  appears  to  be 
very  superior  to  the  ordinary  hot-pressed  prod¬ 
uct.  (4)  Barium  aluminum  silicate:  Good 
strength.  Relatively  low  dielectric  constant. 
Low  less  tangent,  even  at  1800"F.  Relatively 
low  expansion  coefficient. 

The  physical  and  thermal  properties  of  these 
materials  are  summarized  in  Table  6-1.  Their 
dielectric  constants  and  loss  tangents  are  shown 
in  Figs.  6-12  through  6-18. 

6-5.3  ORGANIC  RESIN-FIBERGLASS  LAMINATES 

Organic  resin-fiberglass  laminate  materials 
have  little  use  in  electromagnetic  window  appli¬ 
cations  for  hypersonic  vehicles,  except  as  abla¬ 
tors.  However,  several  recently  developed  or¬ 
ganic  resins  show  promise  of  continuous  use  at 
temperatures  up  to  900° F  and  short-term  (min¬ 
utes)  use  well  above  that  without  appreciable 
surface  degradation.  Materials  in  this  category 
are  the  polyberr.imidHZole  and  polyamide  resins. 
Although  little  data  on  their  physical  properties 


441 


DIELECTRIC  CONSTANT 


are  available,  indications  are  that  flexural 
strengths  are  equal  to,  and  in  some  cases 
greater  than,  those  of  epoxy,  polyester,  and  sili¬ 
cone  resin  laminates,  In  addition,  the  electrical 
properties  are  excellent  and  do  not  appreciably 
degrade  with  temperature.  The  HieWMc  ccr. 
scant  and  loss  tangent  of  a  typical  polyamide 
resin-fiberglass  laminate  are  shown  in  Figs, 
6-19  and  fi-20. 

6-5.4  INORGANIC  LAMINATES 

One  of  the  major  advantages  of  organic  resin- 
fiberglass  laminates  over  monolithic  ceramic 
materials  is  their  resiliency  coupled  with  high 
strength.  This  is  achieved  by  reinforcing  a 
matrix  having  a  relatively  low  modulus  of  elas¬ 


ticity  with  a  high-strength  fiber.  Most  mono¬ 
lithic  ceramics  ure  brittle.  That  is,  they  tend 
to  fracture  without  appreciable  deformation 
and  under  low  stress.  It  has  long  been  recog¬ 
nized  that  an  all-inorganic  laminate,  having 
the  refiucioriness  of  a  ceramic  but  the  resili¬ 
ency  and  strength  characteristics  of  an  organic 
resin-fiberglass  laminate,  would  be  a  near-ideal 
structure.  Research  aimed  at  developing  an  in¬ 
organic  laminate  was  relatively  unsuccessful 
prior  to  1958.  The  major  problems  were  those 
of  the  fibers  being  attacked  and  weakened  by 
the  matrix  material  (the  equivalent  of  the  resin 
in  organic  laminates)  and  the  development  of 
a  suitable  matrix  and  fiber  system  that  would 
allow  u  significant  portion  of  the  load  to  be 
carried  by  the  fibers. 
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Flguro6-lB .  lots  Tangont  of  Barium  Aluminum 
Sillcato  at  9375  me 


Reference  24  demonstrates  the  feasibility  of  struct  ing  large  radomes  from  inorganic  lam- 

inorgunic  laminates.  A  laminate  was  developed  inate  materials.  A  66-in.  ogive  nose  radome  has 

that  had  good  dielectric  properties,  was  stable  been  constructed  having  an  aluminum  phos- 

at  10()0nF,  was  relatively  resilient,  and  had  a  phate  binder  and  Smia  «tyic  !  i?,  glass  f„’0iic. 

flexural  otiKiigi/i  of  almost  24,000  psi  at  room  The  working  temperature  of  the  material  is  in 

temperature.  The  matrix  material  was  colloidal  excess  of  1200°F.  The  dielectric  constant  and 

silica  and  Owens  Corning  E-Glass  was  used  as  loan  tangent  of  u  typical  sample  of  the  material 

the  reinforcing  fiber.  are  shown  in  Figs.  6-21  and  6-22.  The  flexural 

strength  and  flexural  modulus  typical  of  the 
Recent  developments  in  inorganic  laminates  material  are  shown  in  Figs.  6-23  and  6-24  (see 
(Reference  26)  indicate  the  feasibility  of  con-  Paragraph  4-7). 


Figure  6-21.  Dielectric  Conttant  of  Bruntwlck  Corp.  Aluminum  Photphate-5994 
Gian  laminate  al  9 375  me 


Figure  6-22.  ton  Tangent  of  Bruntwlck  Corp.  Aluminum  Fhotphale-5994 
Glatt  Laminate  at  9375  me 
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6-5.5  ABLATIVE  MATERIALS 


The  problem  of  aerodynamic  haatincr  of  bal¬ 
listic  missiles  and  other  reentry  vehicles  is  one 
of  extreme  importance  and  must  be  given  con¬ 
siderable  attention  in  the  design  of  radumes  for 
hypersonic  vehicles.  Depending  on  the  specific 
mission  of  a  given  hypersonic  vehicle,  it  may 
encounter  peak  heating  rates  as  high  as  6000 
Rtu/fta-sec.  A  typical  ballistic  missile  may  en¬ 
counter  stagnation  point  heat  fluxes  as  high 
as  2500  Btu/ft‘J-sec  with  a  total  exposure  time 
of  tens  of  seconds.  For  such  vehicles  as  re¬ 
entry  satellites,  the  peak  heating  rate  may  be 
only  100  Btu/ft--sec,  but  a  typical  exposure 
time  may  be  as  much  as  6  to  10  minutes.  Need¬ 
less  to  say,  these  high  heat  fluxes  produced  by 
the  atmosphere  retarding  the  speed  of  the  re¬ 
entry  vehicles  are  quite  detrimental  if  allowed 
to  transfer  their  thermal  energy  to  an  antenna 
or  associated  electrical  systems.  The  ablation 
radome,  then,  is  a  solution  to  the  problem  of 
thermal  protection  in  addition  to  electrical 
transparency,  structural,  and  aerodynamic  re¬ 
quirements. 

A  method  of  actual  mass  transfer  of  a  heated 
material  away  from  the  vehicle  to  be  protected 
is  known  as  ablation  cooling.  The  ablation  proc¬ 
ess  is  a  self-cooling  process  in  which  a  great 
deal  of  heat  may  be  absorbed  by  the  surface  of 
a  material,  causing  the  material  surface  to  melt. 
Then  through  a  subliming  process  (vaporiza¬ 
tion  from  the  solid  state  to  a  gas  or  condensa¬ 
tion  to  a  solid  without  passing  through  the 
liquid  state)  and  depolymerization  (forming  of 
two  or  more  molecules  of  a  compound  from  a 
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Figure  6-23.  Flexural  Strength  of  Glass  Reinforced 
Aluminum  Phosphate 


Figure  6-24.  Flexural  Modulus  for  Glass  Reinforced 
Aluminum  Phosphate 

higher  molecular  weight  compound) ,  a  residue 
is  formed  that  may  be  injected  into  the  hyper¬ 
sonic  boundary  layer,  as  in  the  case  of  a  reentry 
vehicle. 

One  of  the  advantages  of  the  ablation  process 
as  a  cooling  method  is  its  “self-contained"  fea¬ 
tures.  Other  cooling  methods  require  extra 
weight  and  volume.  Such  methods  as  heat  sinks, 
heat  shields,  insulation,  and  circulation  of 
coolants  are  considerably  more  complex.  An¬ 
other  outstanding  feature  of  the  ablation  cool¬ 
ing  method  is  that,  as  the  heating  rate  of  the 
radome  material  increases,  the  rate  of  ablation 
increases  automatically  to  give  additional  ther¬ 
mal  protection. 

Ablation  cooling  is  very  effective  for  ex¬ 
tremely  high  heating  rates  of  relatively  short 
duration,  Therefore,  an  ablation  material  ra¬ 
dome  provides  a  relatively  simple,  but  very  re¬ 
liable,  means  of  protecting  a  ballistic  reentry 
vehicle  antenna  from  extremely  high  heating 
rates. 

For  the  general  case,  a  radome  material  un¬ 
dergoing  ablation  will  consist  of  a  layer  of 
material  that  is  in  the  molten  state  nearest  the 
heat  source.  This  layer  is  followed  by  a  region 
that  is  undergoing  heating  and  will  decompose 
and  eventually  become  molten  if  the  heating 
process  continues.  An  unheated,  or  virgin,  re¬ 
gion  of  the  radome  material  is  the  final  region 
of  the  "thermal  model”  before  reaching  the  an¬ 
tenna  or  other  structure  being  protected. 

Eventually,  of  course,  all  the  protective  ma¬ 
terial  would  ablate  and  be  injected  into  the 
boundary  layer  if  a  sufficient  amount  of  heat 
were  applied.  As  the  radome  electrical  thick- 
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ness  changes,  of  course,  the  electrical  perform¬ 
ance  changes. 

When  considering  the  use  of  an  ablative  ra- 
dome  material,  such  factors  as  the 
allowable  degradation  in  electrical  performance 
and  the  amount  of  thermal  protection  needed 
must  he  evaluated.  These  fundamental  require¬ 
ments  must  be  considered  before,  during,  and 
after  the  ablation  process  occurs,  since  the  ra- 
donie  configuration  is  continually  changing. 

If  a  change  in  an  ablative  radome's  electrical 
thickness  is  detrimental  to  the  performance  of 
a  system,  the  only  alternative  is  to  use  a  ther¬ 
mally  stable  nonablative  radome  material  and 
provide  some  other  means  of  meeting  the  ther¬ 
mal  protection  requirement. 

An  ablation  material  is  used  in  electromag¬ 
netic  window  applications  when  there  is  a  need 
for  the  window  to  act  as  a  thermal  shield  as 
well  as  an  electromagnetic  window.  When  se¬ 
lecting  a  material  for  use  as  an  ablative  win¬ 
dow,  the  electrical  transparency  must  be 
weighed  against  the  thermal  protection  and  the 
structural  integrity  provided  by  the  material 
for  the  particular  application.  In  addition  to 
having  a  high  heat  of  ablation,  good  ablators 
should  have  a  low  thermal  conductivity,  which 
aids  in  maintaining  the  substructure  at  a  rela¬ 
tively  low  temperature  level. 

Because  of  the  mechanism  of  ablation,  abla¬ 
tive  materials  generally  fall  into  one  of  the 
following  general  categories : 

1.  Reinforced  plastics,  such  as  various 
plastic  resins  reinforced  with  either  or¬ 
ganic  or  inorganic  fibers  to  form  a  com¬ 
posite  material.  A  carbonaceous  char 
layer  forms  during  ablation. 

2.  Pure  thermoplastics,  differing  from  most 
reinforced  plastics  by  a  lack  of  a  car¬ 
bonaceous  char  formation  after  the  ma¬ 
terial  sublimes. 

3.  Graphites,  characterized  by  combustion 
only  at  the  material  surface  and  a  rela¬ 
tively  low  ablation  rate.  The  combustion 
of  a  graphite  or  carbon  causes  a  net  re¬ 
duction  of  the  heat  transfer  through  the 
material.  Graphites  generally  do  not  lend 
themselves  to  easily  fabricated  large 
parts.  They  are  not  generally  of  interest 
for  electromagnetic  window  applications 
because  of  poor  electrical  properties, 

4.  Oxides.  Oxide  ceramics,  such  as  Al2Oa, 


BeO,  MgO,  and  others,  which  have  ex¬ 
cellent  electrical  properties,  are  very 
puoi  ablators  because  of  their  inability 
to  Kiiaify  when  subjected  to  a  hypersonic 
reentry  environment.  This  characteristic 
is  brought  about  by  a  major  retardation 
in  the  ability  of  the  material  to  vaporize 
with  increased  surface  pressures.  As  a 
result,  most  oxides  become  poorer  as  a 
thermal  protecting  medium  if  used  on 
a  hypersonic  vehicle  proceeding'  to  re¬ 
enter  the  earth’s  atmosphere.  One  excep¬ 
tion  to  this  rule  is  slip-cast  fused  silica, 
which  is  a  relatively  efficient  inorganic 
ablator,  having  an  apparent  heat  of  abla¬ 
tion  on  the  order  of  18,000  Btu/lb.  By  in¬ 
creasing  the  emittance  with  CR2Oa,  this 
value  has  been  increased  to  an  apparent 
value  of  60,000  Btu/lb. 

Most  ablation  materials  with  radome  applica¬ 
tions  fall  into  the  reinforced  plastics  group. 

Ideally,  the  behavior  of  a  material  as  it  un¬ 
dergoes  ablation  may  be  analyzed  by  consider¬ 
ing  it  as  a  multilayer  configuration  with  dis¬ 
crete  actions  and  reactions  occurring  in  each 
layer.  This  approach  is  not  straightforward, 
however,  since  the  thermal,  chemical,  struc¬ 
tural,  and  electrical  properties  are  not  accu¬ 
rately  known  in  the  general  case.  If  one  can 
reasonably  estimate  or  measure  the  dielectric 
constant  and  loss  tangent  properties,  and  the 
thickness  of  the  various  layers,  it  is  relatively 
straightforward  to  compute  the  electrical  per¬ 
formance  of  such  a  configuration  using  multi¬ 
layer  dielectric  theory.  However,  from  a  prac¬ 
tical  standpoint,  it  is  difficult,  if  not  impossible, 
to  accurately  determine  the  dielectric  proper¬ 
ties  of  the  ablative  char  layer.  Often,  the  only 
approach  is  to  choose  some  worst-case  estimate 
of  the  dielectric  properties  of  the  char  layer. 

A  method  of  determining  the  worst-case  ef¬ 
fects  of  the  ablation  process  on  the  electrical 
performance  is  to  subject  test  samples  to  high 
thermal  inputs  and  measure  the  corresponding 
degradation  in  transmission  efficiency  as  the 
material  ablates.  The  power  transmission  losses 
of  a  number  of  ablative  materials  have  been 
measured  using  such  a  technique  (Reference 
26).  Some  of  these  results  are  shown  to  demon¬ 
strate  the  relative  merit  of  typical  materials. 
The  data  are  based  upon  measurements  made 
using  12  in.  X  12  in.  test  panels  uniformly 
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TABLE  6-2  ABLATION  MATERIALS  TESTED 


D#ntity 

D«*<npiH»n 

Manufacturer 

Armstrong-2755  Cork 

23.78  lb/ft3 
0.525  gm/cm3 

Natural  cork  granule*  with  resor- 
cinol  binder 

Armstrong  Cork  Company 
Lancaster.  Pennsylvania 

Tayioron-lJ/N 

Phenolic-Nylon 

73.54  lb/ft3 
1.178  gm/cm3 

Phenol  formaldehyde  resin  rein 
forced  with  Nylin  (0-6  polyamide) 

fabric 

The  Taylor  Fibre  Company 

San  Carlos,  California 

Tefion-TFE 

128.01  lb/ft'i 
2.06  Km/cm1 

Polytotrafluoroethyleno 

E.  I.  dul’ont  do  Nemours  and  Co. 
Wilmington,  Delaware 

Duroid-6660 

138.97  lb/ft3 
2.220  gm/cm3 

Teflon  reinforced  with  ceramic 
fibers 

Rogers  Corporation 

Rogers,  Connecticut 

Thermolag-500 

79.72  lb/ft3 
1.277  gm/cm3 

Proprietary  item  with  the  manu¬ 
facturer 

Thu  Emerson  Electric 
Manufacturing  Co. 

St.  Louis,  Missouri 

Avcoat-II 

66.61  lb/ft# 
1.051  gm/cm3 

Epoxy-polyamide  resin  modified 
with  phenol,  glycine,  precipitated 
silica,  and  color  toner 

Aveo  Corporation 

Cincinnati,  Ohio 

heated  on  one  surface.  The  power  transmission 
through  the  teat  panels  was  monitored  by  a 
pair  of  X-band,  platinum-coated  conical-horn 
antennas.  The  horn  antennas  were  parallel- 
polarized  and  the  angle  of  incidence  with  re¬ 
spect  to  the  material  surface  was  60  degrees. 

Table  6-2  describes  six  ablation  materials 
(cork,  phenolic-nylon,  Teflon,  Duroid,  Thermo- 
lag,  and  Avcoat)  that  were  evaluated.  All  of 
these  materials  except  Teflon  are  In  the  rein¬ 
forced  plastics  category.  Teflon  is  a  pure  ther¬ 
moplastic.  The  electrical  performance  data  pre¬ 
sented  in  Figs.  6-26  through  6-28  are  based  up¬ 
on  actual  tests  that  used  a  high-temperature 
transmission  test  facility.  These  curves  show 
power  attenuation  vs.  time  and  temperature, 
Although  the  heating  rates  during  these  tests 
were  somewhat  less  than  those  that  might  be 
encountered  during  hypersonic  reentry,  the 
total  heat  pulse  was  close  to  simulation  of  some 
worst-case  reentry  conditions. 

Figures  6-29  through  6-82  show  the  relative 
dielectric  constant  and  loss  tangent  properties 
at  stabilized  material  temperatures  from  am¬ 
bient  to  several  hundred  degrees  Fahrenheit 
as  measured  with  an  X-band  resonant-cavity 
dielectrometer.  This  information  gives  an  in¬ 
sight  as  to  the  basic,  electrical  properties  of  the 
subject  materials  before  the  ablation  process 
begins. 


From  an  electrical  performance  standpoint, 
the  noncharring  Teflon  is  considerably  superior 
to  the  char-forming  materials.  However,  Teflon 
without  reinforcement  is  dimensionally  un¬ 
stable  when  heated.  The  reinforced  plastics  are 
more  desirable  from  both  the  structural  and 
thermal  protection  standpoints.  Therefore,  a 
compromise  must  be  made  in  choosing  an  abla¬ 
tion  material  to  meet  the  thermal,  structural, 
and  electrical  requirements  of  a  given  system. 
Detailed  consideration  must  be  given  to  all  per¬ 
formance  requirements  of  the  radome  in  the 
selection  of  satisfactory  muterial. 

6-6  EXAMPLES  OF  ELECTROMAGNETIC 
WINDOWS 

6-6.1  GENERAL  CONSIDERATIONS 

It  is  unfortunate  thut  many  of  the  most  in¬ 
teresting  and  timely  examples  of  electromag¬ 
netic  windows  for  hypersonic  vehicles  fall  un¬ 
der  military  security  classifications.  However, 
there  is  enough  unclassified  information  avail¬ 
able  to  get  a  reasonably  clear  picture  of  the  tech¬ 
niques  that  are  actually  being  employed  for 
particular  types  of  hypersonic  reentry  vehicles. 
The  following  paragraphs  briefly  describe  sev¬ 
eral  electromagnetic  window  configurations 
that  have  recently  been  developed. 
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MEAN  SURFACE  TEMPERATURE  -*F 


Figure  6-25.  Electrical  Performance  Data  on  Armstrong  2755  Cork 


Figaro  6-26.  Electrical  Performance  Data  on  Tayforon  Phenolic-Nylon 
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6-6. J  EXAMPLES  OF  GLIDE  REENTRY 
ELECTROMAGNETIC  VEHICLES 

6-6.2. 1  Aim! 

The  acronym  Asset  stands  for  Aerothermody- 
nnmic/elastic  Structural  Systems  Environmen¬ 
tal  Tests.  The  primary  objective  of  the  Asset 
program  is  to  obtain  basic  aerodynamic,  ther¬ 
modynamic,  structural,  and  flutter  data  from  a 
hypersonic  glide  reentry  vehicle  (Reference 
27).  To  fulfill  this  mission,  information  con¬ 
cerning  vehicle  performance  during  reentry  is 
telemetered  to  tracking  sites  by  means  of  an 
X-band  link  and,  when  plasma  conditions  per¬ 
mit,  a  VTIF  link.  The  vehicle-borne  antennas 
for  these  two  links  were  an  X-band,  flush- 
mounted  waveguide  with  an  integral  alumina 
window  and  an  alumina  loaded,  flush-mounted, 
U-slot  VHF  antenna.  Surface  temperatures  in 
excess  of  2000°F  were  predicted  for  the  VHF 
antenna  (Reference  28). 

The  VHF  antenna  was  constructed  by  metal¬ 
lizing  a  solid  block  of  alumina,  leaving  only  the 
slot  area  exposed.  Nickel  plating  over  a  moly- 


mangancsc  base  was  the  t-,<,hnii|iio  used  to 
form  the  conductive  portions  of  the  antenna. 

The  mechanical  installation  of  the  antenna 
flush  with  the  vehicle  surface  presented  a  prob¬ 
lem  because  of  the  difference  in  expansion  co¬ 
efficient  between  the  alumina  and  the  structure 
to  whieh  it.  attached.  The  problem  was  solved 
by  mounting  ihe  metallized  ceramic  antenna  be¬ 
tween  two  clamping  surfaces.  A  high-emittnnee 
(0.8)  coating  was  applied  to  the  exposed  ce¬ 
ramic  surface  to  reduce  surface  temperature 
during  a  flight. 

A  second  version  of  this  antenna,  using  an 
0.125-in.  quartz  cover,  reduced  the  alumina 
temperature  to  700°F,  thereby  providing  better 
impedance-matching  characteristics  betv.-en 
the  antenna  and  transmitter. 

The  X-band  antenna-window  combination 
also  used  alumina  for  the  window.  The  optimum 
window  thickness  was  0.215  in.  at  9320  me. 

6-6.2. 2  Dyna-Soar 

Although  this  program  was  cancelled  before 
it  reached  the  flight-test  phase,  a  significant 
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Figure  6-9.7.  electrical  Performance  Oata  on  Teflon  TFE 
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amount  of  work  was  done  ir  the  development 
of  Hush-mounted  antenna-window  structures. 
The  antennas  developed  for  Dyna-Sour  were 
cylindrical  structures  fed  by  slotted  wave¬ 
guides.  The  patterns  were  similar  to  those  pro¬ 
duced  by  an  amildar  slot  with  the  null  partially 
filled.  This  was  due  to  the  excitation  of  the 
cylindrical  section  in  both  the  TEh  and  TMm 
modes  simultaneously.  The  cylindrical  section 
was  mounted  flush  to  the  skin  of  the  vehicle 
and  had  an  alumina  window,  also  flush  with  the 
skin  surface.  The  outer  surface  of  the  alumina 
was  coated  with  a  high-emittance  metallic  oxide 
to  provide  an  emittance  equal  to  that  of  the 
surrounding  metal. 

The  thickness  of  the  window  was  optimized 
to  provide  best  performance  during  the  most 
critical  phase  of  the  flight.  The  antenna-win¬ 
dow  structures  were  designed  for  use  from 
C-band  through  Ku-band,  being  scaled  to  fit  the 
particular  frequency  requirement. 

Considerable  proof  testing  was  done  to  dem¬ 
onstrate  the  .capability  of  the  antenna-window 
assembly  to  operate  beyond  2000°F. 


6-6.3  BALLISTIC  REENTRY  VEHICLES 

The  Trailblazer  program  is  designed  to  study 
the  physical  phenomena  that  occur  during  the 
reentry  of  high-speed  objects  into  the  earth’s 
atmosphere  (Reference  '<!'.)).  It  utilizes  a  tour- 
stage  vehicle.  The  first  two  put  the  vehicle  into 
place  in  the  desired  trajectory.  After  coasting 
through  the  highest  point  in  the  trajectory,  the 
payload  is  fired  by  the  third  and  fourth  stages 
back  towards  earth  at  a  velocity  of  18,000  feet 
per  second.  One  of  the  objectives  of  the  pro¬ 
gram  is  to  obtain  in-flight  data  on  the  extent  of 
the  microwave-plasma  interaction  problem.  It 
is  thus  desirable  to  have  a  thermal  protection 
system  that  has  a  minimum  effect  on  the  flow 
field  surrounding  the  vehicle  during  reentry. 
The  use  of  charring  ablators  was  ruled  out 
because  of  the  contamination  problem.  Final 
selection  was  a  modified,  slip-cast  fused-silica, 
ogival  radome  48  in.  in  height.  The  material 
is  modified  by  the  addition  of  chrome  oxide  to 
provide  a  very  low  ablation  rate.  This  is  the 
first  and  only  known  program  where  a  forward- 


Figur •  6-28.  Elaclrlcal  Pirformanc*  Data  on  Durold  5650 


mounted  ogival  radome  has  been  considered  and 
developed  for  n  ballistic  reentry  vehicle. 

6-7  FUTURE  RADOME  REQUIREMENTS 

A-7.1  CURRENT  STATE-OF-THE-ART 

A  discussion  of  future  radome  requirements 
must  be  prefaced  by  a  few  summarizing  re¬ 
marks  concerning  the  present  state-of-the  art 
in  the  design  and  development  of  radomes  and 
windows  for  a  wide  variety  of  vehicles.  Current 
requirements  can  be  divided  into  the  categories 
of  radomes  for  supersonic  aircraft,  radomes  for 
supersonic  ground-to-air  and  air-to-air  missiles, 
and  radomes  and  electromagnetic  windows  for 
hypersonic  reentry  vehicles.  Although  this 
chapter  is  concerned  primarily  with  vehicles 
that  fall  in  the  latter  category  and  some  of  those 
in  the  second  category,  comments  concerning 
supersonic  aircraft  radomes  are  included  for 
the  sake  of  continuity. 

6-7.1. 1  Suporiordc  Aircraft 

Nose  radomes  of  up  to  12  ft  in  length  and  4 
ft  in  base  diameter  have  been  developed  for 


M  ich  2.2 1  aircraft.  Knvironmental  require- 
menls  are  such  that  surface  temperatures  of 
over  500  F  are  reached.  Organic  resin-fiber- 
giass  laminates  ure  usually  specified,  with  fila¬ 
ment  winding  the  most  commonly  used  fabri¬ 
cation  technique.  Silicone  resins  are  favored 
because  of  the  vast  amount  of  data  available  on 
their  long-term  properties.  Considerable  effort 
is  being  expended  to  develop  new,  higher-tem¬ 
perature  organic  resins.  The  most  promising  of 
these  to  date  are  of  the  polyamide  and  poly¬ 
benzimidazole  families.  The  development  of  an 
all-inorganic  laminate  shows  promise  of  ex¬ 
tending  the  working  temperature  of  large,  air¬ 
craft  radomes  to  beyond  1000"F  (References 
25  and  30) .  The  problems  of  damage  caused  by 
rain  erosion  and  the  very  long  lifetime  required 
for  commercial  supersonic  radome  applications 
remain. 


6-7.1 .2  Ground-to-Air  and  Air-to-Air  Supersonic 
Missiles 

Missiles  of  these  types  currently  operational 
or  in  development  achieve  terminal  velocities  in 
excess  of  Mach  2.6,  Since  these  velocities  often 
occur  at  relatively  low  altitudes,  the  heat- 
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ing  rates  are  high  and  thermal  shock  presents 
a  serious  design  problem.  Small  ceramic  ra- 
domes  (less  than  2  ft  in  length)  have  been 
designed  to  operate  successfully  where  the  ter- 
minal  surface  temperature  reaches  1600  F 
after  a  timc-of-flight  of  less  than  30  seconds. 
A  significant  part  of  such  a  design  is  the  ability 
to  provide  ceramic-to-metal  attachments  capa¬ 
ble  of  surviving  the  thermal  stresses  developed 
during  the  flight. 

Current  technology  in  this  area  favors  the 
use  of  low-expansion  ceramics,  which  have  gen¬ 
erally  superior  thermal  shock  resistance.  Con¬ 
siderable  effort  is  currently  being  expended  to 
develop  refractory  fiber-matrix  composites 
composed  entirely  of  inorganic  materials.  The 
present  goal  is  to  develop  such  a  material  with 
a  working  temperature  of  2500°F  (References 
31  and  32 ;  also  see  Paragraph  6-5.4) . 

New  techniques  are  being  investigated  in  the 
fabrication  of  large  solid-wall  ceramic  radomes. 
Present  capability  in  industry  limits  ceramic 
radomes  to  about  4  ft  in  length.  The  fabrication 
of  a  large  (9  ft.  or  greater  in  length)  ceramic 
radome  by  bonding  small  ceramic  tiles  with 
high-strength  refractory  adhesives  is  being 
studied  (Reference  33)  as  a  method  of  over¬ 
coming  the  present  size  limit. 


6-7. 1 .3  Electromagnetir  Window*  (or  Hyportonic 
Vehicle* 

An  ui.n-unst.-d  iii  i'lirugraph  6-2. vehicles  in 
this  category  fall  into  general  classifications  of 
glide,  ballistic  and  orbital  decay  reentry,  and 
high-acceleration  boost.  Fleet roniagnetic  win¬ 
dows  have  been  successfully  developed  and,  in 
most  cases,  (light  proven  for  each  of  these  types 
of  vehicles. 

In  the  case  of  the  glide  reentry  vehicle,  the 
Asset  (Reference  34)  and  I)yna-Sour  vehicles 
both  utilized  flush-mounted  ceramic  radomes. 
Considerable  effort  was  expended  in  developing 
integrated  antenna-radome  structures  that 
could  successfully  survive  the  high  surface  tem¬ 
peratures  and  relatively  large  total  thermal  in¬ 
put  associated  with  a  glide  reentry  vehicle.  An 
intensive  laboratory  test  program,  conducted 
during  the  Dyna-Soar  development,  demon¬ 
strated  the  ability  of  this  type  of  antenna  to 
survive  and  operate  at  surface  temperatures 
beyond  2000"F.  The  Asset  flight  test  program 
demonstrated  the  successful  operation  of  flush- 
mounted,  integrated  ceramic  radome-antenna 
assemblies  under  actual  operating  conditions, 

The  development  of  flush-mounted  radomes 
for  orbital  decay  vehicles  was  accomplished  in 


Figure  6-30.  Electrical  Performance  Data  on  Avcoof  II 
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t hi*  Mercury  and  ('•t-mini  programs.  Flush- 
mounted  railnmes  for  orbital  decay  vehicles  are 
generally  located  well  aft  of  the  heat  shield  and 
do  not  experience  the  high  temperatures  of 

With  the  previous  comments  on  the  current 
state-of-the-art,  let  us  consider  *■  ’iat  the  future 
may  hold  in  the  way  of  radome  requirements, 

6-7.2  FUTURE  ELECTROMAGNETIC  WINDOW 
REQUIREMENTS 

6-7. 2.1  Aircraft 

There  is  little  doubt  that  future  manned  mili¬ 
tary  aircraft  will  operate  at  speeds  well  beyond 
those  of  currently  operational  types,  As  speeds 
increase,  r-f  sensor  requirements  will  become 
more  stringent.  Concurrently,  the  ability  to 
provide  radomes  with  performance  characteris- 


tirs  even  equivalent  to  those*  of  their  current 
counterparts  will  become  difficult.  This  will  Is' 
a  direct  result  of  the  aerodynamic  requirement 

for  radomes  of  higher  fineness  ratios  and  ra- 

...... 

ranges  of  temperature.  Additionally,  the  rain 
erosion  problem,  which  to  date  has  been  more 
bothersome  than  significant,  will  become  a 
critical  technical  problem. 

The  partial  solution  to  these  problems  lies  in 
the  development  of  materials  and  fabrication 
techniques  that  w;’J  yield  an  aircraft  radome 
capable  of  intermittent  operation  at  tempera¬ 
tures  in  the  1000°F  to  1200°F  region  and  that 
will  not  fail  catastrophically  during  exposure 
to  rainfall  at  velocities  in  excess  of  Mach  2.  Such 
materials  and  techniques  are  currently  in  de¬ 
velopment  (References  25,  31,  to  33)  and  show 
promise  of  approaching  this  goal.  However, 
because  of  the  wide  temperature  range  over 


Figure  6-3 1 .  Lett  Tangent  Properties  of  Ablation  Material  $ 
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TEMPERATURE  CF) 


Figure  6-32.  OJuUciric  Constant!  of  Ablation  Maturiah 


which  these  radomes  must  operate  and  because  while  having  application  for  relatively  low-fine- 

of  the  inherently  poor  performance  achievable  ness-ratio  situations,  suffer  in  performance 

with  very  high-finenesa-ratic  radomes,  the  point  when  fineness  ratios  (and  hence  incidence 

will  be  reached  vertically  where  the  nose-  angles),  such  as  those  required  in  high-speed 

mounted  radome-radar  system  can  no  longer  aircraft,  are  involved. 

provide  the  performance  required  to  achieve  a  In  summary,  the  immediate  radome  needs  for 
given  mission  objective.  In  anticipation  of  this  military  aircraft  are  being  met  by  high-tem- 

situation,  a  number  of  schemes  have  been  pro-  perature  organic  reSin-inorganic  fiber  laminate 

posed  and  investigated  that  eliminate  the  need  structures.  The  needs  for  the  next  generation 

for  a  large,  solid-wall,  Belf-supported  radome.  of  military  aircraft  will  be  met  by  inorganic 

Several  of  these  techniques  are  described  in  laminates  presently  under  development,  but 

Chapter  2,  They  all  involve,  basically,  an  inte-  eventually,  the  entire  concept  of  the  nose- 

gration  of  the  radiating  structure  with  the  mounted  radome-radar  configuration  may  have 

basic  nose  structure  of  the  aircraft.  Although  to  be  discarded  in  favor  of  integrated  antenna- 

some  of  these  integrated  antenna-radome  tech-  radome  techniques  with  their  attendant  de- 

nique.  can  provide  performance  that  ap-  crease  in  performance.  This  latter  situation 

proaches  that  of  a  radome-radar  antenna  sy  s-  may  well  lead  to  the  extensive  use  of  sidelooking 

tern,  they  have,  in  general,  significant  limita-  radar,  where  the  entire  length  of  the  aircraft’s 

tions.  These  are:  decreased  polarization  purity;  fuselage  can  be  used  as  an  antenna  aperture, 

increased  boresight  error  and  error  rate;  scan  This  provides  an  order  of  magnitude  increase 

angle  limitations;  nonconstant  effective  aper-  in  target  resolution  and  permits  mounting  the 

ture  and  oidelobe  level  variation  with  scan  antenna  in  a  location  that  is  thermally  non¬ 
angle;  and  greatly  increased  mechanical  com-  critical.  A  combination  of  a  side-looking  radar 

plexity.  Metal-loaded  and  space-frame  radomes,  and  a  limited-scan  forward-looking  attack  radar 
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using  an  integrated  antenna-radome  appears 
attractive. 

<>-/. i:i  Utt*nilv«  Mlullei 

Future  operational  offensive  missiles  may  em¬ 
ploy  reentry  vehicles  that  are  terminally  guided 
to  their  targets.  Such  systems  will  require  ra- 
domes  that  can  survive  ballistic  reentry  and, 
when  plasma  conditions  permit,  allow  trans¬ 
mission  and  reception  of  energy  from  the  on¬ 
board  terminal  guidance  radar.  An  electromag¬ 
netic  window  for  this  application  may  take  the 
form  of  a  nose-mounted  ogival  radome  pro¬ 
tecting  a  forward-looking  radar,  a  side-mounted 
conformable  window  protecting  a  slot  array,  or 
numerous  dielectric  slot  closures  mounted  flush 
with  the  surface  of  the  vehicle.  Since  boresight 
error  rate  could  be  critical  in  such  a  system,  a 
constant  insertion  phase  difference  is  desirable, 
making  the  use  of  ablative  materials  undesir¬ 
able. 

6-7.2.3  Defensive  Missiles 

Current  requirements  for  ground-to-air  and 
air-to-air  defensive  missiles  approach  the  limit 
of  thermal  shock  capability  for  solid-wall  ce¬ 
ramic  radomes.  The  exception  is  slip-cast  fused 
silica,  but  this  material  has  a  relatively  low 
modulus  of  rupture.  Future  missile  radome  re¬ 
quirements  will  necessitate  a  material  with  a 
modulus  of  elasticity  much  lower  than  that  of 
an  oxide  ceramic,  but  with  the  refractoriness 
and  strength  of  the  ceramic.  The  most  fruitful 
approach  to  this  problem  appears  to  be  the  de¬ 
velopment  of  an  all-inorganic  laminate,  using 
a  highly  refractory  fiber-matrix  system  (Refer¬ 
ences  31  and  32) . 


6-7. 2.3.1  Mfssifet:  Electronic  Countermtaiurn. 

Systems  have  been  considered  whereby  a  small 
vehicle  with  the  function  of  homing  on  and 
uenl.njyiiig  local  enemy  radar  is  carried  aboard 
and  released  from  a  reentry  vehicle.  Such  a 
device  requires  a  radome  to  protect  its  homing 
antenna.  The  radome  requirement  would  be  for 
either  a  highly  thermal-shock-resistant  ceramic 
radome  or  an  organic  resin-fiber  composite 
type,  depending  on  the  altitude  from  which  the 
vehicle  is  ejected  from  its  carrier. 

6-7 .2.4  Aeroipoce  Plan* 

The  concept  of  a  vehicle  that  can  be  launched 
as  an  airplane,  boost  itself  into  earth  orbit,  then 
reenter  and  land  as  an  airplane  will  undoubted¬ 
ly  be  implemented  at  some  future  time.  The  ra¬ 
dome  requirements  for  such  a  vehicle  appear 
to  be  a  composite  of  those  of  a  reentry  vehicle 
and  of  an  aircraft.  While  the  development  of 
such  a  vehicle  is  undoubtedly  well  in  the  future, 
the  successful  culmination  of  some  of  the  cur¬ 
rent  materials  and  integrated  antenna-radome 
studies  could  well  lead  to  a  solution  to  the  aero¬ 
space  plane  radome  problem  well  before  the 
need  arises. 

6-7.2.5  Mart  Exploration  Vohlclat 

The  design  of  electromagnetic  windows  for  a 
Mars  entry  capsule  presents  a  different  and 
unique  problem.  The  composition  of  the  at¬ 
mosphere  is  not  well  known.  Plasma  attenua¬ 
tion  is  expected  during  entry,  but  because  of  the 
lack  of  appreciable  amounts  of  oxygen,  the  na¬ 
ture  of  the  ablation  mechanism  will  be  different 
from  that  of  an  earth  entry.  The  testing  of  an 
electromagnetic  window  for  a  Mars  capsule 
may  well  have  to  be  done  under  simulated  Mars 
thermal  and  atmospheric  entry  conditions. 
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"A”  sandwich,  1-238,  1-271,  1-544,  1-569,  2-92, 
2-94 

alumina,  2-269, 2-270 
construction,  2-5 
foamed-in-place  radomes,  1-13 
radome,  2-107 
attachment,  2-61 
power  transmission,  2-108 
three-layer,  1-8 

transmission  and  phase  delay,  contours,  1-43 
transmission  curves,  2-128 
Ablative  cover,  2-19,  2-49 
Ablative  materials,  2-446,  2-448 
dielectric  constant,  2-465 
loss  tangent  properties,  2-454 
Ablative  window,  2-429 
Absorption,  dielectric,  2-362 
energy,  2-392 

Acceleration  boost,  2-418,  2-426 
Acrylic  resins,  2-319 
Adiabatic  calorimetry,  2-384 
Aerodynamic,  configuration,  2-6,  2-31 
design  factors,  2-9 
forces,  2-51 
heat,  2-44,  2-417 
heat  simulation,  2-242 
loads,  1-281 

Air  loading,  unsypmetrical,  1J282 
Air  pressure,  1-322 
Air  prism,  1-456 
Air,  thermal  conductivity,  1-289 
Airborne  radar,  1-439,  2-86 
dual-frequency,  2-90 
installation,  1-439 
pressurization,  1-439 
Aircraft,  attitude  axis  correction,  1-444 
early-warning  radomes,  1-19 
environment,  1-455 
supersonic,  2-452 


Alumina,  1-422,  2-36,  2-46,  2-50,  2-260,  2-440 
“A”  sandwich,  properties  2-270 
skins,  2-269 

bend  strength,  2-263,  2-266 
dielectric  constant  vs,  temperature,  2-267 
electrical  properties,  2-80 
emittance,  2-268 

loss  tangent  vs.  temperature,  2-267 
machining,  1-422 
modulus  &  elasticity,  2-266 
mosaic,  2-269 
properties,  2-265 
porous,  2-268 
radome,  blanks,  2-284 
fabrication,  2-288 
flight  simulation,  2-243 
sizes,  2-288 

skin  temperature,  2-246,  2-250 
sandwich,  core,  2-270 
materials,  2-268 
multilayer,  2-289 
skin,  2-270 
specific  heat,  2-266 
thermal  conductivity,  2-267 
thermal  expansion,  2-266 
tiles,  2-271 

joints  and  adhesives,  2-271 
Aluminum  die,  pressure-cast,  1-404 
Aluminum  phosphate,  2-445 
glass  reinforced,  2-284,  2-446 
Amplitudes,  near-field,  1-68,  1-70, 1-607 
comparison,  1-136 
monopulse  system,  1-203 
Ambient  loads,  1-283 
AN/APS-20E  radome,  1-397 
Anechoic  chamber,  aperture-type,  2-394 
Eccosorb,  2-397 
funnel,  2-395 
microwave,  2-391 
shapes,  2-393 
Angle,  offset,  2-39 


Angle  of  incidence,  1-55,  1-63,  2-38,  2-84,  2-92 
-nmbOLiopic  capacitor,  1-55 
Anisotropic  constructions,  1-55 
Anisotropic  materials,  1-65 
Anisotropy,  1-58 
Antenna,  clearance,  1-44S 
conical  scan,  1-209,  1-503 
conical  transmission  line,  2-147 
cosecant-squared,  1-98 
depolarization,  1-153 
deviation,  1-153 
elevation  planes,  1-114 
half-wave  dipole,  1-220 
horn,  1-69,  2-104 
lens,  2-147 
mount,  1-601 
oblique  planes,  1-114 
obstacles,  2-154 
paraboloidal,  1-676 
pattern,  2-114,  2-397,  2-406 
cosecant-squared,  1-98 
E-plane,  2-42 

distortion,  1-101,  2-152,  2-155 
H-plane,  1-75, 2-43 
parameters,  2-41 
perturbation,  2-404 
performance  degradation,  1-101 
planes,  oblique,  1-114 
polarization,  parallel,  1-163 
radome,  1-126 
-radome  design,  1-10 
-radome  interaction,  1-77, 1-221 
-radome  radiating  system,  1-676 
-radome  systems,  1-188, 1-521 
search  radar,  1-97 
stabilization,  1-448 
systems,  monopulse,  2-138 
Anti-icing,  1-317 

Antistatic  rain  erosion  coatings,  1-344 
Aperture-type  anechoic  chamber,  2-394 
Araldites,  2-318 
Armstrong  2755  Cork,  2-449 
AR-1075 — HT  polyester,  2-316 
Artificial  dielectrics,  1-19 
Asymmetry,  1-215 
Attachments,  1-407 
“A”  sandwich  radome,  2-61 
ceramic  radomes,  2-49 
chemical,  2-51,  2-54,  2-56 
joints,  2-53 

mechanical,  2-61,  2-56,  2-58 
radome,  2-48 


Altitude  axis  correction,  aircraft,  1-444 

ivmst  H  2.4KA 

Axial  load,  1-302 

Axial  support,  radome,  2-149 

Axially  symmetric  sector  scanner,  1-441 

Azimuth  run,  1-207 

B 

“B”  sandwich,  1-238, 1-271 
construction,  2-5 
radomes,  1-11, 1-47 
Baffle  chamber,  2-396 
Bag  molding,  1-392 
Bakelite,  2-318 
Ballistic  range,  2-209 
Ballistic  reentry,  2-418 

surface  temperatures,  2-425 
vehicles,  2-451 

Bandwidth,  1-237,  2-42,  2-117 
Barium  aluminum  silicate,  2-443 
Batch  preparation,  steatite  radome,  1-420 
BC1  No.  6601-F  polyamide  resin,  2-319 
Beam  depression,  1-462 
Beam  deviation,  1-190 
Beam  tilt,  1-444 
Beamrider  missiles,  1-145 
applications,  1-146 
Bearing  blocks,  preparation,  1-392 
Bend  strength,  alumina,  2-268,  2-265 
Beryllia,  1-423,  2-261,  2-280,  2-441 
dielectric  constant,  2-283 
emittance,  2-283 
loss  tangent,  2-283 
modulus  of  elasticity,  2-281 
modulus  of  rupture,  2-280 
thermal  conductivity,  2-282 
thermal  expansion,  2-281 
radomes,  production,  2-292 
Bisque  firing,  steatite  radome,  1-422 
Bisque  machining,  2-287 
Blast  pressure,  1-288 
Blister  radome,  semistreamlined,  1-9 
Bomarc  radome,  1-16 
Bond  strength  and  flexibility,  1-298 
Bonding  adhesives,  1-876 
Boresight  error,  1-502,  2-43,  2-100 
monopulse  system,  1-199 
prediction,  1-17 

integral  equation  technique,  2-103 
optical  technique,  2-101 
scattering  technique,  2-102 
Boresight  ranges,  2-397,  2-406 
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Boresight  test  setup,  2-238 
Boron  nitride,  2-443 
Branson  Vidigage,  2-348 

r». _ ..-i _ _ „1  _  r»  *  rrr* 
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Boundary  layer,  1-466 
temperature,  1-291 

Broadband  radomes,  1-237,  2-116,  2-125 
multilayer,  2-120 
surface  treatment,  2-125 
Buckling,  1-316 
coefficients,  1-306 
sandwich  wall,  1-301 
solid  wall,  1-302 
thermal,  1-295 

C 

"C”  sandwich,  1-238, 1-572 
construction,  2-5 
radomes,  1-47 

Calorimeter,  copper  block,  2-887 
"dropping,”  2-385 
Calorimetry,  adiabatic,  2-384 
Capacitor,  anisotropic,  1-58 
isotropic,  1-58 

Casting,  steatite  radome,  1-421 
Catalysts,  1-373  ' 

Cavitation  effect,  1-346 
Cavity  effect,  1-149 
Centrifuge,  2-206 
Ceramic  materials,  1-419,  2-29 
elastic  constants,  1-430 
electrical  properties,  1-481 
Knoop  hardness,  1-481 
physical  properties,  1-427 
refractoriness,  1-431 
temperature  effects,  1-432 
thermal  conductivity,  1-429 
thermal  expansion  coefficients,  1-430 
Ceramic  radomes,  1-18,  2-259 
attachment,  2-49 
fabrication,  2-284 
properties,  2-260 
Ceramics,  2-440 
dense  fired,  1-419 
density,  1-431 
nonoxide,  2-362 
oxide,  2-262,  2-361 
porous,  1-424 
radiation  effects,  2-250 
subsonic  rain  erosion  properties,  1-340 
Ceramoplastics,  1-427 
Chemical  attachments,  2-51,  2-54,  2-56 


Chemical-mechanical  attachments,  2-59 
Chin  radome,  1-11,  2-151 
fluted  core,  1-394 
Chopped  fihex  pxtfouu,  1-400 
Circ-gore  filament  winding,  2-308 
Circ-longo  drop-stitch  filament  winding,  2-306 
Circ-longo  grind  process,  2-309 
Circ-longo  sock  process,  2-309 
Circo  fibers,  2-307 

Circularly  polarized  incident  waves,  1-567 
Coatings,  erosion,  1-397 
neoprene,  1-12 
polyurethane,  1-339 
rain  erosion,  1-344 
properties,  1-336 

Coaxial  line  dielectric  measurements,  2-365 
Coaxial  waveguide,  1-485 
Coherent  phase  discriminator,  1-512 
Command  guidance,  1-145 
Compressive  strength,  1-400,  2-389 
Computer  design  of  radomes,  2-90 
Conductive  heat  transfer,  2-236 
Conductivity,  thermal,  1-284,  2-380 
Cone  angles,  1-290 
effect,  1-364 
Conical  fairing,  1-61 
ogive  radome,  1-63 
Conical  radome,  1-1.05, 1-282 
Conical  scan  antenna,  1-603 
axis,  1-209 

Conical  scan  radar  system,  1-132 
Conical  transmission  line  antenna,  2-147 
Construction,  half  sandwich,  2-6 
sandwich  radomes,  1-378 
sandwich  wall,  1-301 
solid-wall  radomes,  1-378 
Convective  heat  transfer,  2-231 
Copper  block  calorimeter,  2-387 
Cordierite,  1-424 
Core,  construction,  1-394 
fluted,  1-380 
foam,  1-380 

honeycomb,  1-378,  1-396 
joint  gaps,  1-299 
materials,  1-378 
shear  strength,  1-298 
thickness,  1-259,  1-275,  1-298 
tolerance,  1-673 
Cork,  Armstrong  2755,  2-449 
Cornu  spiral,  1-448 
Cosecant-squared  antenna,  1-98 
Creep,  1-316 


Cristobalite,  2-276 

Cross-polarization  suppression,  2-104 
Crosstalk  error,  2-86 
Curing,  filament-wound  radomes,  2-809 
Cut-bar  tnermai  conductivity  measurements, 
2-381 

Cutting  planes,  2-86 
Cylinders,  isotropic,  1-307 
Cylindrical  radome,  1-189 
Cylindrical  ring  stresses,  2-66 
Cylindrical  sandwich,  1-303 

D 

DC-2106  silicone  resin,  2-319 
Deflection,  1-325 
Dense  fired  ceramics,  1-419 
Density,  ceramics,  1-481 
Depolarization,  1-161 
antenna,  1-168 
target,  1-154 
DEIt-DEN  resins,  2-318 
Deviation,  antenna,  1-153 
Diamond  wheel  grinding,  1-404 
Dielectric  constant,  1-48,  1-68,  1-474,  1-478, 

1- 526,  2-81,  2-38 
ablation  materials,  2-465 

alumina  sandwich  akin  and  core,  2-270 
beryllia,  2-283 
calculations,  2-377 
interferometer,  1-406 
measurements,  2-364 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-278 
vs.  resin  content,  E-Glass  and  Vlbrin  136, 

2- 300 

vs.  resin  content,  hollow  glass  and  Vibrin  135, 
2-301 

vs.  resin  content,  8-  ;■  •  )  Glass  and  Vibrin  135, 
2-302 

vs.  temperature,  2-boo 
alumina,  2-267 
Dielectric  diffraction,  1-74 
Dielectric  dispersion  and  absorption,  2-362 
Dielectric  homogeneity,  1-496 
Dielectric  instrumentation,  microwave,  2-336 
Dielectric  loadings,  1-59 
Dielectric,  loss,  1-481,  1-478,  1-496 
Dielectric  materials,  electrical  characteristics, 
1-483 

high  temperature,  2-362 
thermal  properties,  2-379 


Dielectric  measurements,  2-364 
coaxial  line,  2-365 
free-space,  2-374 
interferometer,  2-374 
open-circuit  method,  1-490 
resonant  cavity,  1-494,  2-370 
slotted-line  method,  1-494 
waveguide,  2-367 
Dielectric  patches,  1-209 
Dielectric  properties,  porous  ceramics,  1-426 
resins,  glasses,  and  laminates,  2-321 
Dielectric  rings,  1-208,  1-214 
scattering,  1-218 
Dielectric  sheets,  2-106 
Dielectric  thickness,  2-364 
Dielectrics,  artificial,  1-19 
inhomogeneous,  1-58 
lossy,  1-519 
medii^m-loss,  1-490 
plane,  1-519 

Dielectrometer,  2-325,  2-362,  2-366 
microwave,  1-494 
surface-wave,  1-494 
Diffraction,  dielectric,  1-74 
edge,  1-447 

Diffusivity,  thermal,  2-382 
Dilatometer,  supphire  rod,  2-392 
Dipole  antennu,  half-wave,  1-220 
Dipole  feed  through  radomes,  2-113 
Dispersion,  dielectric,  2-362 
Dissipation  fuctor,  solid  wall,  1-476 
Distortion,  antenna  pattern,  2-162,  2-165 
Double  sandwich,  1-563 
Double-wall  radomes,  1-7,  2-6 
Drag  coefficient,  2-11 
Driving  point  resistance,  2-117 
"Dropping”  calorimetry,  2-386 
Duroid  6660,  2-461 

Dynamic  modulus  measurement,  2-390 


E 

ECCO  interferometer,  2-357 
Eccosorb  anechoic  chamber,  longitudinal  baffle, 
2-397 

Edge  compression,  1-308 
Edge  diffraction,  1-447 
E-Glass,  2-298,  2-300 

Elastic  constants,  ceramic  materials,  1-430 
Elastic  moduli,  2-889 
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Electrical  design  considerations,  2-79 
flat  window,  2-431 

ft  4 or» 

jij  j^viruiut,  w-lOV 

window,  2-416 
Electrical  factors,  2-26 
Electrical  gage,  1-473 
Electrical  grinding  control,  2-310 
Electrical  index,  2-21 

Electrical  non-uniformity,  radome  walls,  1-207 
Electrical  properties,  alumina,  2-80 
ceramic  materials,  1-431 
joints,  1-387 

Electrical  requirements,  1-106,  2-19 
search  radomes,  1-99 
Electrical  tests,  2-32,  2-63 
Electrical  thickness,  radome  wall,  1-468 
effect  of  moisture,  1-478 
Electromagnetic  field  theory,  1-27 
Electromagnetic  tensioner,  2  -303 
Electromagnetic,  windows,  2-448 
shape,  2-97,  2-99 
stresses,  2-426 

Electromechanical  gage,  1-473 
Electronic  guidance,  current  missiles,  1-140 
Elevation  planes,  antenna,  1-114 
Ellipsoidal  shape,  2-7 
Ellipsoidal  missile  radome,  1-170 
Elliptical  polarization,  1-60, 1-169 
transmission  cjefflcienta/1-61 
Emisslvity,  1-284 
Emittance,  beryllia,  2-283 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-279 
Environment,  aircraft,  1-466 
rain,  2-201 
thermal,  2-416 
thermal  shock,  2-28 

Environmental  considerations,  precipitation 
static,  1-319 

Environmental  design,  1-316 
radome,  1-281 

Environmental  factors,  2-26 
Environmental  requirements,  2*22 
Environmental  testing,  1-326,  2-61 
E-plane  antenna  pattern,  2-42 
E-plane  transmission  loss,  2-39 
Epon  828  laminates,  2-818 
Epoxy  resins,  1-339, 1-872,  1-408 
VC-3359,  2-316 
Equiangular  shape,  2-7 


Erosion,  coating,  1-397 
rain,  2-208 

aimuinlor,  Mithras,  2-208 
Error,  boresight,  1-602 . 
crosstalk,  2-86 
in-plane,  1-201, 1-217 
Exhausts,  rocket  motor,  2-236 
Expanded  hardboard  radomes,  1-7 
Expansion,  thermal,  2-390 
Exposure  time,  thermal  shock,  1-284 
External  pressure,  1-306 

F 

Fabric,  lay-up,  1-893 
glass,  1-403 
preparation,  1-892 

■  Fabrication,  alumina  radome,  2-288 
ceramic  radomes,  2-284 
composite  radome,  2-312 
glass-ceramic  radome,  2-289 
glass  fiber  filament,  2-302 
multilayer  alumina  sandwich  radome,  2-289 
plastic  radomes,  1-391 
Fabry-Perol  interferometers,  2-375 
Face  thickness,  1-298 
Fairing,  ogive,  1-66 
Far-field  antenna  patterns,  1-76, 1-621 
horn  antennu,  2-105 
interference,  1-102 
Far-field  zones,  1-222 
Fatigue,  1-316 

Feed-through  radomes,  dipole,  2-113 
Feeler  gauge  thickness  measurement,  2-311 
Fiber,  polystyrene,  1-7 
Fiber  reinforced  plastic  radomes,  2-296 
Fiberglass  yarn  fllafnents,  2-299 
Fibers,  glass,  1-367,  2-296 
Field-probe  evaluation,  2-405 
Filament  winding,  2-306 
circ-gore,  2-308 
circ-longo  drop-atitch,  2-806 
helical,  2-806 

Filament-wound  radomes,  curing,  2-809 
finishing  process,  2-313 
Filaments,  fiberglass  yarn,  2-299 
Fineness  ratio,  1-61,  2-11,  2-21 
Finishing  process,  1-396 
filament-wound  radome,  2-313 
radome,  2-290 
sintered  radome,  2-291 
Fire  control  radar  systems,  1-181,  1-178 
Fire  control  radomes,  1*14, 1-129 


463 


Firing  ceramics,  1-426 
Flat  panel  (see  "Panel”  and  “Wall”  entries) 
I'iat-piaic  healing,  2-423 
Flat  sandwich,  1-38, 1-301 
Flat  sheet,  homogeneous,  1-27 
lossless,  1-84 

Flat  window,  electrical  design,  2-431 
Flexural  strength,  1-390,  2-389 
Flight  simulation,  alumina  radome,  2-243 
Fluorocarbon  resin,  2-319 
Flush-faired  radomes,  1-11 
Flush-mounted  radiating  systems,  2-137,  2-142 
Fluted  core,  1-380 
chin  radome,  1-894 
wall  construction,  1-299 
Foam,  core,  1-380 
Foam,  polyurethane,  1-880, 1-400 
Foaming,  1-424 

Foamed-in-place  core  wall  construction,  1-299 
Foamed-in-place  radomes,  1-13 
Focusing  effect,  streamlined  radomes,  1-66 
Forming,  1-426 

Forming  and  shaping  radome  blanks,  2-286 
Forsterite,  1-424 

Four-horn  phase  comparson  system,  1-606 
Free-space,  dielectric  measurements,  2-374 
vswr  evaluation,  2-406 
wavelength,  2-88 
Frequency,  1-241 
rain,  2-201 

vs,  wavelength  conversions,  2-198 
Friction  tensioner,  2-308 
Funnel  anechoic  chambers,  2-896 
Fused  silica,  2-273 
nose  cone,  2-247 
Blip-casting  process,  2-291 
Fusion  cast  materials,  1-427 


G 

Gage,  electrical,  1-478 
in-process,  2-846 
inside  diameter,  2-84C 
Generator,  r-f,  1-496 
Geodesic  lenses,  2-147 
Geometrical  optics,  1-189 
Glass,  1-426 
-bonded  mica,  1-427 
-ceramics,  2-260 
properties,  2-271 
radome  fabrication,  2-2B9 


Glass  (cont) 
cloth,  1-390 

dielectric  properties,  2-321 
fabric,  1-403 

filament  fabrication,  2-302 
sizing,  1-376 
fibers,  1-367,  2-296 
composition  and  properties,  2-299 
laminates,  2-281 
tension,  2-303 

laminate,  aluminum  phosphate-5994,  2-446 
recrystallized,  2-362 
refractory,  2-362 

reinforced  aluminum  phosphate,  2-284,  2-446 
reinforced  plastics,  longitudinal,  1-388 
low-pressure,  1-388 
mechanical  properties,  1-388 
parallel  laminated,  1-388 
reinforced  sandwich  radome,  1-408 
subsonic  rain  erosion  properties,  1-340 
Glazing,  1-426 
Glide  reentry,  2-418 
vehicles,  2-460 
Gore  filament  pattern,  2-309 
Gratings,  2-104 

Grinding,  circ-longo  process,  2-309 
electrical  control,  2-310 
ultrasonic  control,  2-810 
radome  blankB,  2-287 
Ground  illumination,  1-97 
Guarded  hot-plate,  2-882 
Guidance  radomeB,  1-16 
Guidance  systems,  1-140 
effect  of  radome  errors,  1-178 
radomes,  1-129 

proportional  navigation,  1-144 
remote,  1-146 
self-contained,  1-141 
Guided  missileB,  1-141 
Gunfire  control  radomes,  1-16 

H 

Haack-Von  Karmau  shape,  2-8 
Half-sandwich  construction,  2-6 
Half-wave  dipole  antenna,  1-220 
Half-wave  homogeneous  flat  sheet,  1-36 
first-order,  1-86 
Half-wave  radome,  2-81 
Half-wave  wall,  1-121, 1-191,  2-117 
higher-order,  1-81 
Handling  precautions,  2-48 
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Hardboard,  expanded,  1-7 

Heat  flow,  planar,  2-381 

Heat  resistant  rain  erosion  coatings,  1-344 

Heat  simulation,  aerodynamic,  2-242 

IT r,.,*.  - 4.  t  nn  4 
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conductive,  2-236 
convective,  2-231 
radiative,  2-236 

Heating,  aerodynamic,  2-44,  2-417 
flat-plate,  2-432 
laminar,  2-420 
sonic  point,  2-421,  2-424 
turbulent,  2-421,  2-424 
rates,  2-419,  2-424,  2-426 
Helical  fllument  winding,  2-306 
Helium  plasma  effects,  2-436 
Hemispherical  radome,  1-60, 1-104,  1-217,  2-260 
Hetron  92,  2-316 
Hollow  giass,  2-301 
Homing  missiles,  1-142 
Homogeneity,  dielectric,  1-496 
Homogeneous  flat  sheet,  1-27 
half-wave,  1-36 
thin,  1-33 

Homogeneous  panels,  1-567 
Homogeneous  radomes,  transmission  coefficient, 
2-130 

Honeycombs,  2-312 
core,  1-378,  1-396 
lay-up,  1-896 
thickness,  1-40S 
sandwich  radomes,  1-10 
wall  construction,  1-298  , 

Horns,  2-89 
antenna,  1-69,  2-104 
far-field  pattern,  2-106 
interferometer,  2-344 
Hot-air  deicing,  1-318 
Hot  flue,  2  -231 
Hot-gas  wind  tunnel,  2-282 
Hot-plate,  guarded,  2-382 
Hot  salt  bath,  2-236 
H-plane,  1-229 
antenna  patterns,  1-76,  2-43 
near-field  amplitudes,  1-70 
near-field,  phase,  1-70 
transmission  lo3s,  2-40 
Hybrid  impregnation  resin  bath,  2-S05 
Hydraulic  jacks,  1-322 
Hydrocarbon  resin,  2-316 


Hypersonic,  electrical  design,  2-430 
materials,  2-439 
radomes,  2-413 
structural  design,  2-426 
vehicles,  2-453 
velocities,  2-417 


Ice  calorimeter,  2-386 
Icing  control,  1-316 
anti-icing  fluid,  1-317 
hot-air  system,  1-318 
internal  heating,  1-318 
rubber  boot,  1-317 
Illumination,  ground,  1-97 
Impact,  1-314 
resistance,  1-296,  1-429 
testing,  1-327 

Incidence  angle,  1-56, 1-110,  1-114,  1-276,  1-619, 
2-88,  2-84,  2-92 
components,  1-117 
Incident  polarization,  1-153 
elliptical,  1-169 
linear,  1-168 
parallel,  1-153 

Incident  waves,  linearly  polarized,  1-174 
polarized,  1-153 

right-circularly  polarized,  1-567 
Inertia  loads,  1-282,  2-51 
Infrared  systems,  1-83,  2-237 
Inhomogeneities,  radome  surface,  1-210 
Inhomogeneous,  dielectrics,  1-58 
plasmas,  2-436 
radome  reflection,  2-132 
radomes,  2-128 

transmission  coefficient,  2-130 
Inorganic  laminates,  2-443 
Inorganic  materials,  1-366, 1-419 
Inorganic  matrix  materials,  2-296 
In-plane  error,  1-201, 1-217 
In-process  gage,  2-346 

Insertion  phase,  1-34,  1-528, 1-560,  2-88,  2-159 
contours,  single  sheet,  1-106 
delay,  1-124 

“A”  sandwich  radome,  2-108 
lossless  plane  dielectric  sheet,  1-83 
difference,  1-466,  2-84,  2-92 
constant,  2-S4 
effects,  1-122 

variation  vs.  angle  of  incidence,  1-55 
vs.  incidence  angle,  1-120 


Inserts,  1-392 

Inside  diameter  gage,  2-346 
Inspection  methods,  1-406 

InotnWHhr  hn^VHncr, 

Installation,  airborne  radar,  1-489 
Instrumentation,  1-326 
Integral  equation,  1-195,  2-i08 
Interceptor  radome,  1-168,  1-218 
Interface  reflection  coefficients,  1-27, 1-66,  2-169 
phase  angle,  2-171 
Interference,  1-101 
effects,  1-446 
Interferometer,  2-337 
dielectric  constant,  1-406 
dielectric  measurements,  2-374 
ECCO,  2-367 
horn,  2- 344 
magic  T,  1-467 
Michelson,  2-376 
micrometer,  1-466 
reflection,  2-810 
two-horn,  1-466 
tables,  2-839 
Fabry-Perol,  2-376 
Interlaminar  shear  values,  2-297 
Internal  heating,  1-318 
Internal  pressure,  1-288 
Isotropic  capacitor,  1-68 
cylinders,  1-307 
plasma,  simulated,  2-437 
sandwich,  1-306 

J 

JC-1571  hydrocarbon  resin,  2-316 
Jet  engine  exhaust,  2-232 
Jets,  plasma,  2-236 
Joint  gaps,  core,  1-299 
Joint  loading,  2-52 
Joints,  attachment,  2-63 
electrical  properties,  1-387 

K 

K-band  radomes,  1-9 
KEL-F81  fluorocarbon  resin,  2-319 
Knitted-sock  laminated  radomes,  1-10 
Knoop  hardness,  ceramic  materials,  1-431 

L 

Laminae  4110,  2-316 
Laminated  radomes,  1-10 
knitted-sock,  1-10 


Laminated  wall  construction,  2-5 
Laminates,  1-367 
dielectric  properties,  2-321 
Eoon  828.  2-318 
glass  fiber,  2-281 
inorganic,  2-443 
organic  resin-fiberglass,  2-441 
polyamide  resin-fiberglass,  2-444 
slotted,  1-338 
resins,  1-13 

void  elimination,  1-393 
walls,  1-478 
Lathe  grindirg,  1-402 
Lathe  turning,  1-400 
Lens,  1-206 
antennas,  2-147 
feeding,  1-80 
geodesic,  2-147 
Luneberg,  1-78 
manufacture,  1-79 
radome  transmission  loss,  1-80 
Lightning,  1-319 
Line-of-sight  stabilization,  1-440 
Linear  polarization,  1-51,  1-168 
Lithium  aluminum  silicates,  1-424  y 
Lloyd’s  mirror  effect,  1-76 
Load  application,  1-322 
Load,  axial,  1-302 
Loaded  core  sandwiches,  1-18 
Loads,  1-297 
ambient,  1-288 
aerodynamic,  1-281 
dielectric,  1-59 
inertia,  1-282 
joint,  2-52 
operational,  2-51 
pickup  probe,  1-495 
Lobe  comparison,  sequential,  1-147 
Lobing,  sequential,  1-133 
Leg  spiral,  1-64 
Logarithmic  shape,  2-7 

Longitudinal-baffle  Eccosorb  anechoic  chamber, 
2-397 

Longitudinal  heat-flow  measurements,  2-381 
Longitudinal  plastics,  glass,  reinforced,  1-388 
Longo  libers,  2-307 
Look  angle,  2-86 
Loss,  correction,  1-490 
dielectric,  1-431, 1-478, 1-495 
reflection,  2-38 
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Loss  tangent,  alumina  sandwich  skin  and  core, 
2-270 

beryllia,  2-283 
calculations,  2-378 
measurements,  2-357 
properties,  ablation  materials,  2-454 
Pyroceram,  2-274 

slip-c,  st  sintered  fused  silica,  2-278 
vs.  temperature,  2-363 
alumina,  2-267 

Lossless  dielectric,  Snell’s  law,  2-173 
Lossless  homogeneous  plane  sheets,  1-49 
Lossless  plane  dielectric  sheet,  1-82 
Lossless  plane  sheet,  1-85 
Lossless  thin  flat  sheets,  1-34 
Lossy  dielectrics,  1-519 
Low  density  materials,  1-381 
Low-frequency  resonant  cavities,  2-373 
Lumped  fields,  1-196 
Luneberg  lens,  1-78 

M 

Mach  number  factors,  2-11 
Machining,  alumina,  1-422 
Magic  T,  interferometer,  1-467 
Magnesia,  1-423,  2-442 
Magnetic  materials,  1-64 
measurements,  1-492 
Magnetic  tensioner,  2-303 
Magnetron,  frequency  pulling,  1-100 
performance,  1-100 
Marco  vacuum  injection,  1-399 
Matched-die  mold,  1-401 
Matched-tool  molding,  1-396 
Materials,  2-32 
ablative,  2-446,  2-448 
alumina  sandwich,  2-268 
anisotropic,  1-55 
ceramic,  1  419,  2-29 
construction,  2-257 
core,  1-378 
dielectric,  1-483 1 
full  density,  1-383 
fusion  cast,  1-427 
hypersonic,  2-439 
inorganic,  1-366 
low  density,  1-381 
magnetic,  1-492 
organic,  1-365 
plastic,  1-335 
rain-resistant,  2-203 
testing,  high  temperatures,  2-361 


Matrix  formulation,  1-40 
Matrix  materials,  inorganic,  2-296 
Measurements,  dielectric,  2-364 
near-field,  1-221,  1-230, 1-507 

nn.Hnme>  1-224 
radar  cross  section,  1-154 
radome  wall,  1-463 
specific  heat,  2-384 
tensile  strength,  2-69 
transmission  impedance,  1-486 
Mechanical,  attachment,  2-51,  2-65,  2-68 
-chemical  attachments,  2-59 
factors,  2-27 
micrometer,  1-472 

properties,  glass  reinforced  plastic,  1-388 
properties,  testing,  2-64 
physical  properties,  2-386 
strength,  2-71 

Mechanism,  rain  erosion,  1-345 
Medium-loss  dielectrics,  1-490 
Melamine  resins,  1-368 
Metal  ribs,  2-151 

Metal-loaded  radomes,  2-104,  2-126 
perforated,  2-106 
Metal  sheets,  1-59 
Metal  slats,  1-59 
Mica,  glass-bonded,  1-427 
Michelson  interferometers,  2-376 
Micrometer,  1-472 

Microwave,  anechoic  chambers,  2-391 
dielectric  instrumentation,  2-335 
dielectrometer,  1-494 
interferometer,  1-466 
radar,  1-5 

reflectometer,  2-353 
thickness  gage,  1-406,  2-361 
nonmetals,  2-352 

Millimeter-wavelength  radomes,  1-80,  2-135 
phase  data,  2-137 
wall  construction,  1-84 
Missiles,  beamrider,  1-146, 1-146 
guidance  radomes,.  1-16 
homing,  1-142 
radome,  1-401 
ellipsoidal,  1-170 
fabric  lay-up,  1-401 
supersonic,  2-452 
Mithras  erosion  simulator,  2-208 
Modulated  scatterer,  1-514 
Modulus  of  elasticity,  1-390,  2-389 
alumina,  2-266 

“A”  sandwich,  2-271 


Modulus  of  elasticity  (cont) 
beryllia,  2*281 
Pyroceram,  2-272 
Modulus  of  rupture,  beryllia,  2-280 
Pyroceram,  2-272 
Moisture,  1-320 
effects,  1-478 
Mold,  matched -die,  1-401 
Molten  metal  bath,  2-286 
Molding,  matched  tool,  1-396 
Monopulse  system,  1-505,  2-138 
amplitude  comparison,  1-208 
foresight  errors,  1-199 
errors,  1-136 

radiation  pattern  difference,  1-135 
sum  radiation  pattern,  1-134 
time  sequential  systems,  1-1S6 
Mosaic  alumina  construction,  2-269 
Movable  piston  phase  shifters,  1-509 
Multilayer  sandwiches,  1-239,  2-121 
"A"  sandwich  radome,  1-8 
alumina  radome,  fabrication,  2-289 
construction,  2-6 
panels,  1-38 
wall  radome,  1-273 
Multiple  thickness  gage,  1-406 

N 

Nacelle,  clearance,  1-464 
lining  absorbers,  1-10 
placement,  1-446 
Navigation,  proportional,  1-144 
Near-field,  amplitude,  1-68 
measurements,  1-607 
distribution,  1-230 
H-plane  amplitude,  1-70 
H-plane  phase,  1-70 
measurements,  1-221 
phase  measurements,  1-607 
reflection,  1-102 

Neoprene  protective  coating,  1-12 
91-LD  Phenolic  resin,  2319 
No-dome  measurements,  1-224 
Nondimensional  time,  1310 
Nonoxide  ceramics,  2362 
Nose  blunting,  ogival  shape,  2-11 
Nose  cone,  fused  silica,  2-247 
slotted  arrays,  2-144 
Nose  laminar  heating,  2-420 
Nose  mounted  ogival  shaped  radomes,  2-433 
Nose  radomes,  1-14, 1-238 


Nuclear  radiation,  1321 

Null  shift  measurements,  2352 

Nypol  46-4001  and  46-4020  acrylic  resins,  2319 


P 

Panels,  flat  (see  also  “Walls”  entries),  2-91 
homogeneous,  1-567 
multilayer,  138 
Parabolic  shape,  2-8,  2-10 
antenna,  1-576 
Parachute,  1353 

Parallel  laminated  glass  reinforced  plastics, 
1388 

Parallel  polarization,  132,  1-153,  1-527,  1-573, 
234 

antenna,  1-153 
Parallel-ray  theory,  1-75 


Oblique  planes,  antenna,  1-114 
Obstacles,  antenna,  2-164 
Offset  angle,  239 
Offset  run,  1-207 
Ogive,  1-162 
fairing,  1-65 
plastic,  1358 
radome,  1-172,  2-433 
conical  fairing,  1-63 
shape,  23 
nose  blunting,  2-11 
181  glass  cloth,  1390 
One-half  wave  wall,  2-117 
One-half  wavelength,  multiple,  2-4 
radome,  231 
thickness,  231 
Open-circuit  method,  1-490 
Operational  loads,  2-51 
Optics,  1-447 

boresight  error  prediction,  2-101 
geometrical,  1-189 
theory,  1-27 

Orbital  decay  reentry,  2-418,  2-426 
Organic  materials,  1365 
properties,  1381 
resin-ffberglass  laminates,  2-441 
Oxide  ceramics,  2-262,  2361 
Oxyacetylene  burners,  2-252 
Oxyacetylene  test  facility,  2-246 
Oxyhydrogen  burners,  2-283 
Oxyhydrogen  rocket  motor,  2-243 
Oxypropane  burners,  2-232 
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Parallel-ray  transmission,  1-75 
Parameters,  antenna  pattern,  2-41 
Paraplex  P-43,  2-316 
Pass  bands,  2-118 
Patches,  dielectric,  J-209 
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gore  filament,  2-309 
distortion,  1-101,  2-39 
plasma  antenna,  2-436 
radar,  1-445,  1-455 
radome  1-499 
scattering  2-158 

Perforated  inetal-loaded  radome,  2-106 
Permittivity,  complex,  1-483 
Perpendicular  polarization,  1-28,  1-241,  1-526, 
1-573,  2-35,  2-84 
Phantom  feed,  1-150 
Phase-amplitude  system,  1-136 
Phase  comparison,  1-186 
monopulse  system,  1-200 
four-horn  system,  1-606 
Phase  data,  2-81,  2-137 
Phase  delay,  1-11 
Phase  shift,  1-478, 1-509 
reflection,  1-530 
Phase  variation,  2-39 
Phenolic-nylon,  Tayloron,  2-449 
Phenolic  resin,  1-367,  2-319 
plyophens  23-017,  2-319 
Phenylsilane  resins,  2-320 
Physical  design  considerations,  2-1 
Physical  properties,  ceramic  materials,  1-427 
Pickup  probe,  1-609 
loading,  1-495 
Pitch  stabilization,  1-441 
Placement,  radome,  1-445 
Planar  heat  flow,  2-381 
Plane  dielectric  sheet,  1-32,  1-526 
Plane  dielectric,  1-519 
Plane  sheet  refraction,  1-66 
Plane-wave,  reflection,  1-28 
refraction,  1-31 
transmission,  1-28 

Plasma,  antenna  pattern  distortion,  2-436 
effecis,  2-133 
helium,  2-436 
inhomogeneous,  2-435 
jets,  2-235 
resonance,  2-438 
Plastic-alumina  radomes,  2-269 
Plastics,  classification,  1-366 
fiber  reinforced,  2-295 


Plastics  (cont) 
glass  reinforced,  1-388 
low-pressure,  1-388 
reinforcements,  1-374 
materials,  1-335 
tain  viCniuii  piuptrlicH,  1-335 
ogive,  1-358 
radiation  effects,  2-249 
radomes,  fabrication  methods,  1-391 
reinforced,  1-866 
Platform  stabilization,  1-440 
Plyophens  23-017  phenolic  resin,  2-319 
Plywood  radomes.  1-5 
Pointing  errors,  1-147, 1-160 
Poisson’s  ratio,  Pyroceram,  2-273 
slip-cast  sintered  fused  silica,  2-277 
Polarization,  1-50 
efficiency,  1-177 
elliptical,  1-50 
linear,  1-51,  1-168 
gratings,  2-104 
incident,  1-153 

parallel,  1-32,  1-153,  1-527,  1-573,  2-34 
phenomena,  1-152 
relative,  1-117 

Polarized  incident  wave,  1-153 
Polyamide  resin,  BC1  No.  6601-F,  2-319 
fiberglass  laminate,  2-444 
Polyester,  AR-1075-HT,  2-316 
resins,  1-370,  2-316 
Selectron,  2-251 
Vibrin,  2-251 
Polyfiber  radomes,  1-365 
Polylite  ED-386,  2-316 
Polystyrene  fiber,  1-7 
K-band  radomes,  1-9 
Polyurethane,  1-339 
foams,  1-380, 1-400 
Porous  alumina,  2-268 
Porous  ceramics,  1-424 
dielectric  properties,  1-426 
Post-curing,  1-395 
Power  reflection,  1-271 
coefficient,  2-354 
Power  shape,  2-8,  2-10 
Power  transmission,  “A”  sandwich  radome, 
2-108 

coefficient,  1-526,  1-532,  2-34,  2-122,  2-357 
solid-wall  radome,  2-119 
lossless  homogeneous  plane  sheets,  1-49 
lossless  plane  dielectric  sheet,  1-82 
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Power  transmission  (cont) 
constant,  1-124, 1-654 
contours,  2-172 
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coefficient,  2-119 
solid  wall  radome,  2-120 
vs.  core  thickness,  1-644 
Precipitation  static,  1-819 
Prefabricated  foam  wall  construction,  1-299 
Preform  molding,  1-399 
Pre-impregnation  resin  bath,  2-806 
Preserved  incident  component,  1-667 
Pressure,  1-825 
-cast  aluminum  die,  1-404 
injection,  1-400 
load,  2-61 
slip-casting,  2-287 
Pressurization,  1-439 
Production,  beryllia  radomes,  2-292 
Protective  cover,  2-18 

Pyroceram,  2-34,  2-46,  2-60,  2-260,  2-862,  2-441 
dielectric  constants,  2-274 
emittance,  2-274 
loss  tangent,  2-274 
modulus  of  elasticity,  2-272 
Poisson’s  ratio,  2-273 
sensitivity  measurement,  2-366 
specific  heat,  2-274 
thermal  conductivity,  2-273 
thermal  expansion,  2-273 

Q 

Quadripod  space  frame,  2-160 
Quality  control,  2-346 

R 

Radar,  airborne,  1-439 
antenna  configuration,  1-166 
conical  scan,  1-132 
fire  control,  1-181, 1-178 
cross  section  measurement,  1-164 
cross  section  vs.  target  scat’ “ring,  1-166 
microwave,  1-6 

pattern  distortion,  1-445, 1-  465 
range  reduction,  1-99 
VHF,  1-3 

Radial  plane  definition-  2-99 
Radiated  field,  1-221 

Radiating  system,  antenna-radome,  1-676 
flush-mounted,  2-137,  2-142 


Radiation  effects,  2-248 
ceramics,  2-250 
plastics,  2-249 

o  ntri 

Vibrin  polyesters,  2-251 
Radiation,  nuclear,  1-321 
Radiation  pattern,  far-field,  1-521 
Radiation  pattern  difference,  monopulse 
antenna,  1-135 

Radiative  heat  transfer,  2-236 
Radome,  airborne,  2-86 
antenna  systems,  1-188 
anti-icing,  1-16 
applications,  1-6 
blanks,  alumina,  2-284 

forming  and  shaping,  2-286 
grinding,  2-287 
blister,  1-9 

bonding  adhesives,  1-376 
boresight  errors,  monopulse  system,  1-199 
prediction,  1-17 
broadband,  2-120,  2-125 
ceramic,  1-18,  2-259 
chemical  attachment,  2-61,  2-64,  2-66 
composite,  2-312 
conical,  1-106,  1-282 
construction,  1-865, 1-419 
cylindrical,  1-189 
de-icing,  1-18 
depolarization,  1-167 
diffraction,  1-70 
dipole  feed-through,  2-118 
double-wall,  1-7,  2-6 
electrical  design  problem,  1-6 
errors,  1-148,  1-602 
correction,  1-205 
correction,  vector  method,  1-214 
measurement,  1-207 
monopulse,  1-136, 1-199 
prediction,  1-187 
fabrication,  1-391 
finishes,  1-408 
geometry,  1-111 
guidance,  1-16 

high-temperature,  2-327,  2358 
homogeneous,  2-130 
inhomogeneous,  2-130 
loft  lines,  1-115 
materials,  1-297,  2-24 
anisotropic,  1-65 
inorganic,  1-419 
magnetic,  1-54 
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Radome  (cont) 
materials  (cont) 
organic,  1-381 
metal-loaded,  2-104,  2-126 
millimeter-wavelength,  1-80,  2-136 
missile,  1-401 
ogival  shaped,  1-172,  2-438 
one-half  wavelength,  2-81 
pattern  distorted,  1-499 
placement,  1-446 
plastic,  1-391 
plastic-alumina,  2-269 
plywood,  1-5 
poiyfiber,  1-366 
resonant- wall,  2-110 
sandwich,  1-9,  1-396 
design  curves,  2-173 
search,  1-97,  1-99 
semistreamlined,  1-9 
shape,  1-60,  1-104, 1-297,  2-91,  2-97 
weight  factor,  1-106 
size,  1-441 
limitations,  2-48 
skin  temperature,  1-292 
slotted  metal,  2-111 
solid-wall,  2-117 
spheroidal,  1-61,  1-63 
strength  factors,  1-297 
supersonic,  1-16 
surface  inhomogeneities,  1-210 
transmission  efficiency,  1-496 
reflection,  1-498 
scattering  technique,  1-194 
structural  support,  2-149 
structural  design,  1-281 
subsonic,  1-282 
testing,  2-60 
thick-shell,  2-67 
thin-shell,  2-31 
toroidal,- 2-250 
tunable,  2-131,  ^-133,  2-186 
types,  2-3 

wall,  measurements,  1-463 
wall  thickness,  electrical,  1-468 
wedge,  2-104 
wire  grid  loaded,  2-106 
Rain,  classifications,  2-202 
environment,  2-201 
erosion,  1-11,  2-203 
coatings,  1-385, 1-844 
mechanism,  1-845 
plastic  materials,  1-885 


Rain  (cont) 
erosion  (cont) 
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rocket  sled,  2-210 
simulation,  2-206 
subsonic,  1.-831 
supersonic,  1-17,  1-331,  1-360 
test,  1-332 

test  results,  2-228,  2-230 
time  vs.  missile  velocity,  2-231 
frequency,  2-201 
gun,  2-207 

intensity,  1-355,  2-201 
particle  size  distribution,  2-205 
rate  vs.  altitude,  2-204 
resistant  materials,  2-203 
Rainfall,  accumulation,  2-202 
intensity,  1-365 
rate,  2-202 

Range,  ballistic,  2-209 
boresight,  2-397,  2-406 
Ray  tracing,  1-189 
techniques,  1-621 
boresight  error  prediction,  2-101 
Recrystallized  glass,  2-362 
Rectangular  waveguide,  1-486 
Reentry,  ballistic,  2-418 
glide,  2418 
vehicles,  2-450 
orbital  decay,  2-418,  2-426 
Reflection,  1-447,  2-182 
coefficient,  1-620 
complex,  1-470 
interferometer,  2-810 
loss,  2-38 

measurement,  slotted  line  method,  1-499 

near-fleld,  1-102 

phase  shift,  1-630 

plane-wave,  1-28 

radome,  1-498 

test,  2-360 

Reflectometer,  1-500,  2-337 
high-temperature,  2-369 
microwave,  2-353 
Refraction,  1-148 
magnitude,  1-148 
plane  sheet,  1-66 
plane-wave,  1-81 
theory,  1-76 

Refractive  shift,  1-54, 1-67 
Refractoriness,  1-431 
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Refractory  glass,  2-362 
Reinforced  plastic  radomea.  1-366.  2-296 
Reinforcements,  plastics,  1-374 
Resin  bath,  2-304 
hybrid  impregnation,  Z-30G 
pre-impregnation,  2-305 
wet-dip,  2-304 

Resin-fiberglass  laminate,  polyamide,  2-444 
organic,  2-441 
Resins,  DER-DEN,  2-318 
dielectric  properties,  2-321 
epoxy,  1-339, 1-372,  1-403 
laminating,  1-13 
melamine,  1-368 
phenolic,  2-819 
phenylsilane,  2-320 
polyester,  2-316 
preparation,  1-392 
properties,  2-315 
silicone,  2-819 

systems,  interlaminar  shear  values,  2-297 
Resistance,  driving-point,  2-117 
impact,  1-296, 1-429 
thermal  shock,  2-28 
Resonance,  1-487 
plasma,  2-438 

Resonant  cavities,  low  frequency,  2-378 
dielectric  measurements,  1-494,  2-370 
Resonant-wall  radomea,  2-110 
R-F  generator,  1-496 
Ribs,  metal,  2-161 
Ring,  geometry,  1-219 
dielectric,  1-208, 1-214 
Rocket  motor  exhausts,  2-285 
Rocket  sled,  1-366 
rain  erosion  simulator,  2-211 
teat  facilities,  2-211 
test  results,  2-213 
track,  SNORT,  2-211 
Roll  run,  1-207 
fixed  polarization,  1-209 
Roll  stabilization,  1-441 
R-7146  silicone  resin,  2-320 
Rubber  boot,  1-817 

S 

Sandwich,  “A",  1-288,  1-271, 1-644, 1-669,  2-92, 
2-94 

construction,  2-6 
alumina  materials,  2-268 


Sandwich  (cont) 

•‘B”,  1-238, 1-271 
construction,  2-5 
radomea,  1-11, 1-47 
“C”.  1-238,  1-572 
radomes,  1-47 
cylindrical,  1-303 
design,  2-89 
design  curves,  2-173 
double,  1-663 
flat,  1-38, 1-301 
honeycomb,  1-10 
isotropic,  1-306 
loaded  core,  1-18 
multilayer,  1-239,  2-121 
radome,  1-9, 1-396 
alumina,  2-289 
construction,  1-378 
glass  reinforced,  1-408 
multilayer,  1-8 
single,  2-129 
symmetrical,  1-41 
thick-skin,  2-129 
wall,  1-123, 1-301 
buckling,  1-301 
lightweight  cores,  1-464 
Sapphire  rod  dilatometer,  2-392 
Scattering,  1-218 
patterns,  2-168 

radome  error  prediction,  1-194,  2-102 
target,  1-166 
Screening  teats,  2-240 
Search  radomes,  1-97 
electrical  requirements,  1-99 
Sector  scanner,  1-441 
Solectron  5016,  2-816 
Selectron  polyesters,  2-251 
Sensitivity  measurement,  Pyroceram,  2-366 
Sequential  lobing,  1-133 
comparison,  1-147 
Shaped-beam  antenna,  1-450,  2-166 
Shapes,  anechoic  chamber,  2-393 
Shapes,  electromagnetic  window,  2-97 
Shapes,  radome,  1-60, 1-104,  1-297,  2-91,  2-97, 
2-99 

ellipsoidal,  2-7 
ogival,  2-8 
parabolic,  2-8,  2-10 
power,  2-8 
requirements,  1-104 
strength  factor,  2-70 
typical,  2-98 
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Shear  loads,  1-303 
Shear  strength,  core,  1-298 
Shear  stress  coefficients,  1-303 
hjjicctoy  uicicclric, 

Sheffield  thickness  gage,  2-346 
Shift,  refractive,  1-54 
Shock  front,  1-455 
Shock  testing,  1-327 
Shock  wave,  effect,  1-348 
refraction,  1-458 
Silica,  fused,  2-273 
vitreous,  2-278 

Silicate,  barium  aluminum,  2-448 
lithium  aluminum,  1-424 
Silicone  resin,  DC-2106, 1-390,  2-319 
R-7146,  2-320 
Silicones,  1-369 

Simulated  isotropic  plasma,  2-437 
Simulation,  rain  erosion,  2-206 
Simultaneous  lobe  comparison,  1-133 
errors,  1-137,  1-147 
Single-horn  interferometer,  1-465 
Single-horn  reflectometer,  1-470 
Single-layer  walls,  1-464 
Single  sandwich  radome,  1-269 
Single  sheet,  1-106 
Sintered  fused  silica,  2-260,  2-276 
finishing  process,  2-291 
radome  fabrication,  2-290 
surface  treatments,  2-291 
Sintering,  2-287 

Sintering  process,  fused  silica,  2-291 
Size,  radome,  1-441,  2-48,  2-91 
alumina,  2-288 
Sizing,  glass  fabric,  1-376 
Skin  layers,  curing,  1-394 
Skin  temperature,  alumina  radome,  2-246,  2-250 
transient,  1-287 
Skin  thickness,  1-259 
Skin  tolerance,  1-673 
Sled,  rocket,  1-365 
Slip-cast,  forming,  2-286 
fused  silica,  2-441 
sintered  fused  silica,  2-276, 2-278 
omittance,  2-279 
Poisson’s  ratio,  2-277 
specific  heat,  2-278 
strength,  2-277 
thermal  conductivity,  2-277 
thermal  expansion,  2-278 


Sli|»  casting,  1-420 

fused  silica  process,  2-291 
pressure,  2-287 
Slip  control,  1-420 
Slotted  arrays,  nose  cone,  2-144 
Slotted  laminates,  1-338 
Slotted  line,  1-494 
phase  shifters,  1-509 
radome  reflection  measurement,  1-499 
Slotted  metal  radomes,  2-111 
transmission  coefficient,  2-111 
transmission  loss,  2-112 
Slotted  waveguide,  2-138 
arrays,  TE  mode,  2-138 
arrays,  TM  mode,  2-138 
Snell’s  law,  lossless  dielectric,  2-173 
S-994  glass,  2-302 
SNORT  rocket  sled  track,  2-211 
Sock  process,  circ-longo,  2-309 
Solid  sheet,  1-464 
dielectric,  1-120 
Solid  wall,  1-301 
buckling,  1-302 
construction,  2-4 
dissipation  factor,  1-475 
radome,  1-238,  1-241,  2-117 
bandwidth,  2-117 
construction,  1-378 
design  curves,  2-172 
one-half  wave,  2-117 
transmission  coefficient,  2-118 
transmission  curves,  2-128 
Sonic  point  heating,  2-421,  2-424 
Space  frames,  2-149 
quadripod,  2-150 
Specific  heat,  air,  1-288 
alumina,  2-266 
measurements,  2-384 
Pyroceram,  2-274 

slip-cast  sintered  fused  silica,  2-278 
vs.  temperature,  beryllia,  2-282 
Spherical  mode  transformation,  1-197 
Spheroid,  1-61 

Spheroidal  lens-radome,  1-79 
Spheroidal  radomes,  1-63 
Spinel,  magnesia-alumina,  1-424 
Stabilization,  1-439 
antenna,  1-443 

Stagnation  point,  electrical  effects,  2-20 
heating,  2-420 

Stagnation  temperature,  1-285,  2-15,  2-17,  2-46 
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Static  testing,  1-321 
elevated  temperatures,  1-323 
instrumentation,  pressure,  1-325 

*  4aa 
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bisque  firing,  1-422 
final  firing,  1-422 
radome  batch  preparation,  1-420 
radome  casting,  1-421 
Stop  bands,  2-118 
Streamlined  lens-radomes,  1-77 
Streamlined  radomes,  1-66 
focusing  effect,  1-66 
Strength,  radome,  1-297,  2-70 
shape,  2-70 

slip-cast  sintered  fused  silica,  2-277 
tensile,  2-385 

thermal  environment,  2-70 
vs.  temperature,  alumina,  2-264 
Stress,  cylindrical  ring,  2-66 
electromagnetic  window,  2-426 
methods,  1-300 
rupture,  1-316 
thermal,  2-44 
shock,  1-309 

thick-shell  radomes,  2-67 
thin-shell  radome,  2-67 
variation,  2-68 

Structural  design,  hypersonic,  2-426 
radome,  1-281 
window,  2-416 
Structural  factors,  2-47 
Structural  requirements,  2-22 
Structural  support,  2-149 
Structural  testing,  high-temperature,  2-239 
Stypols,  2-816 
Subsonic  radome,  1-282 
Subsonic  rain  erosion,  1-334 
ceramics,  1-340 
glass,  1-340 

Supersonic  aircraft,  2-452 
Supersonic  missiles,  2-462 
Supersonic  radomes,  1-16 
Supersonic  rain  erosion,  1-17,  1-360 
parachute  testing,  1-358 
test  methods,  1-351 
Supersonic  wind  tunnel,  2-232 
Support,  axial,  2-149 
Support,  effect'on  rain  erosion,  1-338 
Surface-reflection  interference,  1-449 
Surface  temperature,  2-14,  2-29,  2-419,  2-424, 
2-426 

ballistic  reentry,  2-426 


Surface  treatment,  2-125 

Surf  ace- wave  dielectrometer,  1-494 

Symmetrical  sandwiches,  1-41 

T 

Taper,  1-206 

Target  depolarization,  1-154 
Target  scattering,  1-166 
Tayloron  phenolic-nylon,  2-449 
TE  mode  slotted  waveguide  arrays,  2-138 
Teflon,  2-319 
Teflon  TFE,  2-460 
Temperature,  1-825 
boundary  layer,  1-291 
distribution,  1-284 
effects,  1-337, 1-432 
equilibrium,  1-287 
high,  dielectric  materials,  2-362 
radorhes,  1-378,  1-477 
reflectometer,  2-369 
structural  test  setup,  2-239 
structural  testing,  2-239 
test  facility,  2-237 
testing,  2-358 
transmission  gage,  2-368 
recovery  factor,  1-290 
skin,  2-287,  2-292 

surface,  2-14,  2-29,  2-419,  2-424,  2-426 
Tensile  strength,  2-385 
measurement,  2-69 

Tensile  thermal  stress,  2-17,  2-30,  2-47 
Tension,  glass  fiber,  2-303 
Tensioner,  electromagnetic,  2-803 
friction,  2-303 
magnetic,  2-303 
Terminal  guidance,  1-148 
Tests,  2-60 
electrical,  2-32,  2-63 
elevated  temperatures,  1-327 
environmental,  1-326 
low  temperature,  1-327 
rain  erosion,  1-332 
results,  2-213,  2-228,  2-230 
reflection,  2-360 
rocket  sled,  2-211 
screening,  2-240 
supersonic  rain  erosion,  1-361 
thermal,  2-62 

thermal  shock,  1-326,  2-229 
through-transmission,  2-350 
Thermal  buckling,  1-296 
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Thermal  conductivity,  1-284, 1-429,  2-380 

-8.-  1  non 

Clli, 

alumina,  2-267 
beryllia,  2-282 
cut-bar,  2-381 
Pyroceram,  2-273 

slip-cast  sintered  fused  silica,  2-277 
Thermal  diffusivity,  2-382 
Thermal  environment,  2-70,  2-416 
Thermal  expansion,  2-390 
alumina,  2-266 
beryllia,  2-281 
ceramic  materials,  1-480 
Pyroceram,  2-273 

slip-cast  sintered  fused  silica,  2-278 
Thermal  factors,  2-26 
Thermal  properties,  2-62 
dielectric  materials,  2-379 
Thermal  shock,  1-284,  2-429 
environment,  2-28 
resistance,  2-28 
stress,  1-309 
tests,  1-326,  2-?29,  2-240 
oxyacetylene  burners,  2-252 
oxyhydrogen  burners,  2-233 
oxypropane  burners,  2-282 
Thermal  stress,  1-295, 1-313, 2-16,  2-44 
tensile,  2-17,  2-30,  2-47 
Thermally  reflective  rain  erosion  coatings, 
1-344 

Thermocouple,  1-326  * 

Thermolag  500,  2-452 
Theta  patterns,  2-145 
Thick-shell  radomes,  stresses,  2-67 
Thick-skin  single  sandwich,  2-129 
Thickness,  2-38 
core,  1-275, 1-298 
dielectric,  2-3G4 
electrical,  1-478 
face,  1-298  ( 

gage,  1-406 

microwave,  1-406,  2-361 
null  shift  measurements,  2-352 
ultrasonic,  2-348 
honeycomb  core,  1-378,  1-896 
measurement,  2-311 
one-half  wavelength  radome,  2-81 
sandwich  wall,  1-128 
solid-wall,  1-238 
thin-wall  radome,  2-31 
tolerance,  1-48,  1-621 


Thin  flat  sheets,  1-56 
Thin  homogeneous  flat  sheet.  1-33 
Thin-shell  radomes,  stresses,  2-67 
Thin  wall,  1-120,  2-117 
construction,  2-4,  2-30 
radome,  2-31 

Three-layer  “A”  sandwich  radome,  1-8 

Three-layer  sandwiches,  2-120 

Through-transmission  test,  2-350 

Tiles,  alumina,  2-271 

Time  sequential  antenna  systems,  1-136 

Time  sequential  lobe  comparison  systems,  1-132 

Tip  radii,  2-29,  2-48 

TM  mode  slotted  waveguide  arrays,  2-138 
Tolerances,  1-404 
core,  1-673 
thickness,  1-48 
Tooling,  1-401 
Toroidal  radomes,  2-250 
Transfer  molding,  1-400 
Transformation  spherical  mode,  1-197 
Transmission,  1-113,  1-273 
characteristics,  2-90 
coefficients,  1-87,  1-620 
axial  ratios,  1-51 
elliptical  polarization,  1-51 
homogeneous  radomes,  2-180 
inhomogeneous  radomes,  2-130 
lossless  plane  sheet,  1-85 
slotted  metal  radomes,  2-111 
solid  dielectric  sheet,  1-119 
solid-wall  radome,  2-118 
variation,  1-149 
constant,  2-84 
contours,  1-106 

“A”  sandwich,  1-43,  2-128 
solid-wall  radome,  2-128 
ofllciency,  1-241 
radome,  1-496 

tunable  radome,  2-133,  2-135 
gage,  high-temperature,  2-858 
impedance  measurement,  1-486 
resonance  method,  1-487 
loss,  2-33 
E -plane,  2-39 
H-plane,  2-40 
lens-radome,  n-80 
slotted  metal  radome,  2-112 
millimeter-wavelength  radome,  2-136 
parallel-ray,  1-75 
plane-wave,  1-28 
thin  wall  radome,  2-80 


Trapped  waves,  1-77, 1-151 
Tunable  radome,  2-131,  2-138,  2-185 
Turbulence,  1-455,  1-458 
Turbulent  2-421.  2-424 

Two-horn  interferometer,  1-465 

U 

Ultrasonic  grinding  control,  2-810 
Ultrasonic  thickness  gage,  2-348 
Uniform  ground  illumination  geometry,  1-98 
Unsymmetrical  air  loading,  1-282 


Vacuum  injection,  1-899 
VC-8359  epoxy  resin,  2-815 
Vehicles,  ballistic  reentry,  2-451 
hypersonic,  2-458 
Velocities,  hypersonic,  2-417 
effect,  1-854 
VHF  radar,  1-3 
Vibration  testing,  1-327,  2-261 
Vibrational  forces,  2-62 
Vibrin,  2-298 
Vibrin  186,  2-300 
Vibrin  136-1B6A,  2-316 
Vibrin  polyesters,  radiation  effects,  2-251 
Vidigage,  Branson,  2-848 
Viscosity,  air,  1-290 
Vitreous  silica,  2-278 
properties,  2-275 

VSWIt  evaluation,  free-apace,  2-405 

W 

Waffle  core,  1-300 
Walls  (see  also  ‘'Panels"  ertries) 
construction,  1-297,  2-8,  2-28 
fluted  core,  1-299 
framed-in-place  core,  1-299 
honeycomb,  1-298 
laminated,  2-6 
lost  wax  core,  1-300 
millimeter-wavelength  radome,  1-84 
prefabricated  foam,  1-299 
solid,  2-4 
waffle  core,  1-300 


Walls  (cont) 

dimension  tolerances,  1-521 
gage,  electromechanical,  1-473 
half-wave,  1-121, 1-191,  2-117 
laminate,  1-478 
measurements,  1-463 
sandwich,  M23, 1-301 
Bolid,  1-301 
thin,  1-120 

thickness,  1-118,  2-46 
gage,  2-346 

tolerances,  l-47'i ,  2-44,  2-80 
Waveguide,  circular,  1-485 
coaxial.  1  185 

dielecti.c  measurements,  2-867 
principles,  1-488 
rectangular,  1-485 
slotted,  2-138 

wall,  loss  correction,  1-490 
Wavelength,  free-space,  2-38 
Wedge  radome,  1-69,  2-104 
Weight  factor,  1-106 
Wet-dip  resin  bath,  2-304 
Wind  tunnel,  supersonic,  2-232 
Window,  ablative,  2-429 
electrical  design,  2-416 
electromagnetic,  2-448 
flat,  2-481 

structural  design,  2-416 
Wire  grids,  1-59,  2-106 
Wollastonite,  1-426 


X-band,  1-509 
Xonotlite,  conversion,  1-425 


Yaw,  stabilization,  1-441 


Zircon,  1  -424 
Zirconia,  2-288 

Zytol  101  polyamide  resin,  2-819 
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